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ABSTRACT
FACULTY OF PHYSICAL AND APPLIED SCIENCES
OPTOELECTRONICS RESEARCH CENTRE
Doctor of Philosophy
by Katherine Alice Sloyan
Pulsed laser deposition (PLD) is a quick, versatile technique for crystal lm growth.
Multi-beam PLD extends the basic PLD setup to include multiple lasers and targets, and
has shown immense promise for the engineering of custom crystal lms and structures.
The full potential of the technique has not, however, yet been fully explored. The
experiments in this thesis have been designed to investigate, extend and improve multi-
beam PLD, to provide new avenues for fabrication of sophisticated designer lms and
to nd applications that truly exploit the technique's potential.
The eect of relative delay between plasma plumes on crystal properties was investi-
gated and was found to inuence lattice constant for delay values of 400 s due to
higher energy ion bombardment of the growing lm. The shutter technique for multi-
beam crystal engineering was developed and demonstrated via the automated growth of
garnet mixed lms, superlattices and chirped structures. The method was used to grow
crystalline garnet Bragg reectors with a range of designs, including -phase shifted
and quarter-wave stacks with up to 145 layers and 99% peak reectivity. A Gaussian
prole, grating-strength apodised Bragg stack was grown, with the resulting reduction
in side band reections observed as expected. This represents the rst known example of
such sophisticated crystal engineering by PLD. Routes to using single- and multi-beam
PLD for rapid prototyping of laser crystals were also explored. Double-clad crystalline
channel waveguides were fabricated via physical micromachining of PLD-grown garnet
multilayer lms and subsequent overgrowth. Millimetre-sized crystalline features were
grown via single-beam PLD through shadow masks and funnels, culminating in fab-
rication of a hybrid garnet crystal by a combination of multi-beam PLD and plume
funnelling.
The results in this thesis represent steps towards the true exploitation of PLD, but much
is still to be done. Many routes for future improvement have been suggested, building
on the novel techniques developed for this thesis, including the growth of sesquioxides
as component layers of functional Bragg stacks capable of withstanding high powers and
temperatures.Contents
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Introduction
1.1 Engineering with pulsed laser deposition
Pulsed laser deposition (PLD) is a quick, versatile method of depositing thin lms of
a wide range of materials. Laser pulses, usually in the UV, are focussed onto a target
containing the atomic constituents of the material to be deposited. The irradiated spot
is ablated, leading to ejection of material that is heated further by the laser and forms
a plume of partially-ionised material. This plume expands away from the target and
deposits components of the target material onto a substrate. This process is repeated
over many pulses to form a lm, with possible thicknesses ranging from a single unit cell
(1 nm) to tens or even hundreds of microns. If the substrate is crystalline and heated
then epitaxial crystal lms can be obtained, provided that the many interconnected
deposition conditions (background gas pressure, substrate temperature, laser uence
etc.) are tuned correctly.
Although not without drawbacks (chiey particulate production), in many applications
PLD compares favourably with other thin lm deposition techniques. It is suitable for
depositing multi-component materials with complex stoichiometries. The apparatus is
relatively simple and does not require harmful precursor chemicals. Growth rates can be
high at upwards of several m per hour, and costs are relatively low. Most importantly,
the high number of controllable growth parameters makes PLD an extremely versatile
deposition method.
The interactions between a target and a laser beam were investigated within a few years
of the invention of the laser, with the rst rudimentary deposition of thin lms reported
in 1965. The 1970s saw a leap forward with the invention of Q-switching and second har-
monic generation, which made nanosecond pulses with high peak power density at short
wavelengths readily available. Growth of high-quality high temperature superconduct-
ing (HTS) perovskite lms in the 1980s presented an even greater breakthrough, which,
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combined with the wider availability of aordable laser systems, led to an explosion in
the popularity of PLD in the following years.
With the growth of HTS lms, PLD was proven to be an eective tool for growth of
complex oxide crystals, and was soon extended to growth of multi-component optical
materials. The rst example of garnet growth by PLD was reported in 1991 [1], with
planar waveguide lasing rst achieved in 1996 [2]. Since then growth has been demon-
strated in a variety of materials for a wide range of applications, including photonics
(see chapter 2): milestones include growth of lasing garnet lms with loss values as
low as <0.1 dB per cm [3], multilayer cladded waveguide growth [4] and fabrication of
magneto-optic multilayers and superlattices [5, 6, 7]. However, while PLD is now well-
established and one-o device growth via PLD has been successful, the technique has
not yet managed to make the leap out of the lab and prove itself as a viable industrial
fabrication tool.
Multi-beam PLD is one major route for improvement of the technique, increasing speed
and versatility whilst helping to solve problems such as particulates. This approach
extends the basic PLD setup to include multiple lasers and targets, allowing the growth
of mixed and graded lms in custom proportions as well as easy multilayer fabrication
[8]. Originally developed as a method of particulate reduction, over recent years the
technique has shown immense promise for the engineering of custom crystal lms and
structures. Successes have already been demonstrated: stoichiometry in complex oxides
has been corrected by addition of otherwise lost elements [9], mixed layers of custom
refractive index grown [10] and tools for the control of lm strain developed [11].
The true potential of pulsed laser deposition in general and multi-beam PLD in partic-
ular, however, has not yet been fully explored. The experiments in this thesis have been
designed to investigate, extend and improve multi-beam PLD, to provide new avenues
for fabrication of sophisticated custom lms and to nd applications that truly exploit
the potential of this quick and versatile technique.
1.2 Structure of this thesis
To provide some understanding of the motivation and theory for the results reported
in this thesis, some background information (chapter 2) and theory (chapter 3) con-
cerning PLD and the devices of interest has been presented. Alternative deposition
and waveguide fabrication methods have been introduced and compared, highlighting
the signicant drawbacks and advantages of PLD growth. The relevant experimental
methods have been described in chapter 4 and mitigation of drawbacks discussed (e.g.
tools for particulate reduction), along with details of the analytical techniques used.
Chapters 5-8 contain the results of experiments developing and using multi-beam PLD,
including growth of Bragg stacks, rapid prototyping of thick crystal channel waveguidesChapter 1 Introduction 3
and growth of hybrid crystals for thin disc laser applications. Chapter 9 summarises
the results in this thesis and discusses possible steps for future improvement. Three
appendices are also included, providing further derivation of waveguide and Bragg stack
theory (appendices A and B respectively) as well as details of preliminary sesquioxide
growth (appendix C).
1.3 Summary of achievements
The following is a summary of the main achievements of this thesis:
 The eect of laser plume synchronicity on the structure and composition of crystal
lms was investigated, and was found to signicantly inuence the lattice constant
for delay values of 400 s.
 A technique for automated mixed, graded and multilayer crystal growth based
around computer-controlled mechanical shutters was designed and implemented.
In order to prove the technique's ecacy, simple and chirped crystalline superlat-
tices were grown along with mixed and thicker multilayer stacks.
 Using the shutter technique, growth of Bragg reectors by multi-beam, multi-
target PLD was demonstrated for the rst time. Stacks were crystalline and grown
from alternating layers of single-phase YAG and GGG. Designs included  phase-
shifted and quarter-wave stacks with up to 145 layers and >99% peak reection.
 An approximately Gaussian prole, grating strength-apodised Bragg stack was
grown, with side band reections reduced as expected. This represents the rst
known example of such a design in stack geometry.
 Double-clad crystalline channel waveguides were fabricated via physical microma-
chining of multilayer PLD-grown garnet lms and subsequent overgrowth. This
is believed to represent the rst example of both crystal waveguide fabrication by
micromachining and growth of double-clad crystalline channel waveguides.
 Millimetre-sized crystalline features were grown via single-beam PLD through
shadow masks and funnels.
 A hybrid garnet crystal was grown by combining multi-beam PLD and plume
funnelling. YAG growth was conned to the centre, with GGG grown around the
outside and a smooth graded layer in between. This is believed to be the rst
example of controlled horizontal grading by multi-beam PLD.4 Chapter 1 Introduction
1.4 List of publications
The following publications describe results arising directly from experiments detailed in
this thesis:
Journal articles
 K.A. Sloyan, T.C. May-Smith, R.W. Eason Hybrid garnet crystal growth for thin
disc lasing applications by multi-beam Pulsed Laser Deposition Applied Physics A
2011 (in review)
 K.A. Sloyan, T.C.May-Smith, M.N.Zervas, R.W.Eason, S.Huband, D.Walker,
P.A.Thomas Growth of crystalline garnet mixed lms superlattices and multilayers
for optical applications via shuttered Combinatorial Pulsed Laser Deposition Optics
Express 2010 18(24) pp.24679-24687
 K.A. Sloyan, T.C. May-Smith, R.W. Eason, J.G. Lunney The eect of relative
plasma plume delay on the properties of complex oxide lms grown by multi-laser
multi-target combinatorial pulsed laser deposition Applied Surface Science 2009
255(22) pp.9066-9070
Conference papers
 K.A. Sloyan, T.C. May-Smith, M.N. Zervas, R.W. Eason Fabrication of crys-
talline Bragg reectors for high power and integrated optical applications by multi-
beam pulsed laser deposition Conference on Lasers and Electro-Optics (CLEO)
2012 San Jose May 2012 (accepted)
 K.A. Sloyan, T.C. May-Smith, R.W. Eason Horizontally structured garnet growth
via pulsed laser deposition for hybrid crystal thin disc applications 11th Interna-
tional Conference on Laser Ablation (COLA-11) Playa del Carmen, Mexico Nov
2011
 K.A. Sloyan, T.C. May-Smith, R.W. Eason Optical and structural micro-engineering
of planar waveguiding lms using multi-beam pulsed laser deposition COLA-11
Playa del Carmen Nov 2011
 K.A. Sloyan, L.G. Carpenter, T.C. May-Smith, C. Holmes, J.C. Gates, P.G.R.
Smith, R.W. Eason Fabrication of multilayer crystalline rib waveguides by a com-
bined multi-step Pulsed Laser Deposition/precision machining technique CLEO
Europe 2011 Munich May 2011
 K.A. Sloyan, T.C. May-Smith, A. Sposito, R.W. Eason Pulsed Laser Deposition:
Growing crystals with lasers International OSA Network of Students (IONS)-9
Salamanca April 2011Chapter 1 Introduction 5
 K.A. Sloyan, T.C. May-Smith, R.W. Eason Combinatorial Pulsed Laser Deposi-
tion: Making lasers with lasers IONS-8 Moscow June 2010
 K.A. Sloyan, T.C. May-Smith, R.W. Eason Growth of garnet mixed layers and
superlattices by dual-beam pulsed laser deposition European Materials Research
Society (EMRS) Spring Meeting 2010 Strasbourg June 2010
 K.A. Sloyan, T.C. May-Smith, R.W. Eason The eect of laser pulse synchronicity
on thin garnet lms fabricated by dual-beam combinatorial pulsed laser deposition
EMRS Spring Meeting 2009 Strasbourg June 2009
Invited talks (presenter)
 K.A. Sloyan, T.C. May-Smith, A. Sposito, R.W. Eason Multi-beam pulsed laser
deposition: Advanced structures and future directions Physics with new coherent
radiation sources (seminar series) University of Hamburg 15 Feb 2011 (Invited)
Book chapters
 R.W. Eason, T.C. May-Smith, K.A. Sloyan, R. Gazia, M. Darby, A. Sposito
Emerging pulsed laser deposition techniques in \Laser growth and processing of
photonic devices" edited by N. Vainos, Publisher: Woodhead UK Jul 2012
The following publications contain work carried out during my time as a PhD student,
but are not described in detail in this thesis:
 T.C. May-Smith, K.A. Sloyan, R. Gazia, R.W. Eason Stress engineering and
optimization of thick garnet crystal lms grown by pulsed laser deposition Crystal
Growth & Design 2011 11(4) pp.1098-1108
 C.L. Sones, K.S. Kaur, M. Fein augle, J.Y. Ou, K.A. Sloyan, T.C. May-Smith,
R.W. Eason, F. Di Pietrantonio, E. Verona Printing of amorphous and crystalline
materials pre-machined using focussed ion beam patterning CLEO Europe 2011
Munich May 2011
 T.C. May-Smith, K.A. Sloyan, R. Gazia, R.W. Eason A possible route to min-
imisation of strain in thick garnet lms grown by pulsed laser deposition for optical
waveguide applications EMRS Spring Meeting 2009 Strasbourg June 2009Chapter 2
Background
2.1 Introduction
This chapter introduces some of the materials and structures of interest to this thesis,
and aims to provide some context and motivation for the techniques and experiments
described in later chapters. Examples of previous growth of similar lms and devices
are given, as well as discussion of various competing lm and waveguide fabrication
methods. Emphasis has been placed on optical materials, particularly garnets, and on
growth and engineering utilising multi-target PLD.
2.2 Film growth via PLD
2.2.1 Materials of interest
Garnets are cubic materials of the generic formula A3B2C3O12 (B and C are often the
same). They have a number of physical properties particularly suited to optical appli-
cations, including high mechanical strength and hardness, high thermal conductivity,
optical isotropy and optical transparency over a wide range of pump and emission wave-
lengths. The garnet family has many members that have varying refractive indices
(indices of common garnets include nY AG = 1.82 and nY IG = 2.2 at 1060 nm [12]) but
the same crystal structure, making them ideal candidates for mixed- and multilayer lm
fabrication. Iron-based garnets such as YIG also have unusual magnetic properties, and
are hence of great interest as magneto-optic devices such as Faraday rotators. PLD
is capable of depositing layers of multi-component crystal, and as such is particularly
suitable for the growth of complex oxides such as garnets.
Garnet growth by PLD was rst achieved in 1991 [1] and since then a wide range of
garnets have been successfully deposited, a selection of which has been listed in table 2.1.
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Material Fomula Application Reference
Undoped GGG Gd3Ga5O12 Materials characterisation [14]
(optical)
Nd:GGG Nd:Gd3Ga5O12 Waveguide laser [3, 15, 2]
Nd,Cr:GGG Nd,Cr:Gd3Ga5O12 Waveguide (for Q-switch laser) [16]
Pr:GGG Pr:Gd3Ga5O12 Waveguide (for laser) [17]
Yb:YAG Yb:Y3Al5O12 Waveguide (for planar [18]
and thin disc laser)
Nd:YAG Nd:Y3Al5O12 Waveguide (for laser) [19, 20, 21]
YbAG Yb3Al5O12 Waveguide/thin disc laser [18, 22, 23]
YGG Y3Ga5O12 Multilayer waveguide [22, 4]
Nd,Cr:GSGG Nd,Cr: Waveguide (for Q-switch laser) [22]
Gd3Sc2Ga3O12
Hybrid Gd3Ga5O12: Multilayer waveguide [10]
GGG:YSGG Y3Sc2Ga3O12
Nd,Cr:YSAG Y3Sc2Al3O12 Materials characterisation [22]
Cr:GSAG Gd3Sc2Al3O12 Materials characterisation [22]
(optical)
LGG La3Ga5O12 Multilayer magneto-optic [24]
devices
Undoped YIG Y3Fe5O12 Materials characterisation [25, 26]
(magnetic)
Magnetooptic devices
Bi:YIG Bi:Y3Fe5O12 Materials characterisation [1]
(magnetic)
Ce:YIG Ce:Y3Fe5O12 Magneto-optic devices [26]
LBIG BiaLubFecGadO12 Magneto-optic devices [27]
(proportions vary)
BIG Bi3Fe5O12 Magneto-optic devices [28, 29, 30]
SmIG Sm3Fe5O12 Materials characterisation [31]
(magnetic)
Table 2.1: Examples of garnets grown by PLD
Stoichiometry does not always precisely match that of bulk, with lms often found to
exhibit deciencies of light or volatile elements (e.g. Ga in GGG, Al in YAG). However,
routes to solve this problem have been suggested, including use of element-compensated
targets [13] or simultaneous ablation of a second target to \add in" elements otherwise
lost [9].
Of particular interest for purely optical applications has been GGG, rst grown by PLD
in 1995 [14]. As well as being relatively easy to grow, GGG presents a close lattice match
(3% dierence) but large refractive index contrast (n '0.14 ) to the most readily
available crystal substrate, YAG. As such, many examples of GGG for waveguiding and
lasing have been reported with a variety of dopants including neodymium [3, 15, 2],
chromium [16] and praseodymium [17].Chapter 2 Background 9
Material Substrate Reference
Nd(Gd,Lu)2O3 Y2O3 [34, 33]
Er:Sc2O3 Sc2O3 [35]
Y2O3, L2O3 and S2O3 Al2O3 [36]
(Eu,Nd):Y2O3 Al2O3 [37]
Yb:(Gd,Lu)2O3 (lasing) Y2O3 [32]
Eu:Gd2O3 Al2O3 [38]
Table 2.2: Examples of cubic sesquioxides grown by PLD
Cubic sesquioxides are also of great interest for lasing applications. Materials of the form
X2O3, where X includes elements such as yttrium, lutetium and scandium, they have
very high thermal conductivities and very good mechanical properties, even compared
to garnets. They are easily doped with a variety of rare earth ions, and being cubic
materials are optically isotropic (no scattering at grain interfaces if the lm is not single-
crystal).
A summary of reported material growth is shown in table 2.2. Although uorescence
has been demonstrated in various samples, only two reports of lasing have been found
[32, 33]. High temperatures (850 C) appear to be required for crystalline growth,
limiting the number of systems capable of sesquioxide deposition. The high growth
rates required for growth of thin disc laser crystals have not yet been achieved, with
reported lm thicknesses limited to 2 m.
Although not isotropic, Ti:sapphire (-Al2O3) is of particular interest as a lasing ma-
terial due to its widely tunable output and for applications in mode-locked waveguide
lasing [39]. Substrate temperatures of >950 C are required to achieve the correct phase
of alumina [40]; examples of single-phase growth are hence limited. However, growth by
PLD with lm thicknesses as high as 12 m has been reported on a number of occasions
[41, 19, 42, 43]. Particulates have proven a problem in many cases, with particulate den-
sities and hence waveguide losses potentially very high (8.7 dBcm 1 planar waveguide
loss reported by Uetsuhara et al [43], for example). Lasing has been reported on two
occasions, in planar and channel waveguide geometry [44, 42] with losses of 1.8 and 1.7
dBcm 1 respectively. Rare earth ion doping of sapphire has also been achieved, some-
thing not achievable in bulk crystal form [45]. Undoped sapphire growth has proven
particularly challenging due to the poor absorption of sapphire at wavelengths above
200 nm [46]. A capping layer [42] and multi-phase growth with 248 nm at 850 C with
post-annealing [47] are two reported examples.
PLD has also been successfully used to grow a variety of other materials for optical
applications, including semiconductors, ferroelectrics and glasses [40], but these have
not been investigated in detail in this thesis.10 Chapter 2 Background
2.2.2 Epitaxy and post-annealing
Post-annealing can be used to obtain crystalline lms that cannot be grown epitaxially,
or to improve the crystal order and quality in lms already exhibiting some crystallinity
[48]. This may be done by heating in a furnace for some hours, or by exposure to an
excimer laser at a uence below the ablation threshold [49]. Both these methods have
the eect of giving an amorphous or poorly crystalline lm enough additional energy
for the atoms to be redistributed via diusion into a more favourable or ordered crystal
lattice site, without exceeding the material melting point. Annealing has also been used
to change the valence state of ytterbium atoms in a YbAG lm from 2+ to the 3+ state
required for lasing [50].
2.2.3 Multi-target growth
2.2.3.1 Single-beam
Single-beam, multi-target PLD can be used to deposit multilayered structures as well as
mixed materials. Most examples utilise a rotating target carousel, although it is possible
to place one small target on top of a larger one, as in the growth of NiAl2O4 lms by
ablation of both a ceramic Al2O3 target and a strip of nickel foil placed on top reported
by Shin et al [51].
Heterostructures have been grown with a variety of materials. These include multilayers
containing perovskites such as SrTiO3, LaAlO3, LaNiO3 and BaTiO3 [52, 53, 54], of
interest for superconducting or multiferroic applications, as well as MoS2/Sb2O3 struc-
tures for solid lubrication [55]. Garnet multilayers based on GGG and magneto-optic
YIG and BIG have also been demonstrated [5, 56, 7].
Mixed materials can also be fabricated with a single beam system by depositing layers
of sub-unit cell thickness from each target in turn. This can be done to create doped
materials, such as the C-doped CdS semiconductor example by Orlianges et al [57],
or mixtures of two or three materials. By tilting each target to direct the plume to
a dierent place on a large substrate (see gure 2.1), areas of lm mixed in dierent
component ratios are obtained, which may be analysed to build up a material library
[58]. An extension to this idea, described by Fukumura et al [59], combines this sub-
layer deposition mixing with a moving mask, to create layers that are graded horizontally
over the entire substrate. This approach has also been taken to create a library of mixed
perovskites SrTiO3 and LaAlO3 [53].Chapter 2 Background 11
Figure 2.1: Plumes are directed to dierent points on the substrate to obtain a library
of mixed materials in dierent ratios [58].
2.2.3.2 Multi-beam
Multi-beam, multi-target PLD was suggested rst by Gaponov in 1982 as a method
of particulate reduction [60] (see gure 2.2), and developed further by Gorbunov as
\cross-beam PLD" with the introduction of an angled diaphragm [61]. The substrate is
placed away from the direct line of sight of the plumes. The interaction of high-density
parts of the plume causes lighter species to be redirected, in the latter case through the
diaphragm. The front (fastest) and rear (slowest) parts of the plume, which respectively
include the most energetic ions and heavier species such as particulates, are not deected
and hence do not reach the substrate. The technique therefore has a bearing both on
particulates and the stress of the resulting layer, as the growing lm is not subjected to
bombardment from the high-energy ions in the plume. Cross-beam PLD traditionally
requires both targets to be the same; however, it is possible to combine cross-beam PLD
with the target carousel approach mentioned previously, ablating targets alternately
to create multilayered structures [62]. The cross-beam approach results in lms with
drastically reduced particulate densities; however, it does so at the expense of growth
rate.
If higher growth rates are required, multi-beam PLD is also possible in a simpler ar-
rangement, with both plumes directed towards the substrate. \Multi-beam" can refer to
multiple lasers [10] or a split beam from a single laser [63]; the former provides greater
control and versatility, although the latter requires less investment. As with single-beam
multi-target PLD, both multilayer and mixed lms can be grown, although the use of
multiple beams allows a much greater degree of control over mixing to be achieved.
Targets are usually held separately, although a carousel may be used or targets may be
placed on top of one another, as in the case of Ag-doped La2=3Sr1=3MnO3 reported by
Li et al [64].
Plumes can be combined in custom proportions to obtain mixed amophous, crystalline12 Chapter 2 Background
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Figure 2.2: Illustration of dual-beam approach for particulate reduction pioneered by
Gaponov et al [60].
Figure 2.3: Schematic of mixed-garnet multilayer waveguide grown by Gazia et al
[10].
and metallic layers [65, 66, 67]. Dopants can be introduced, such as in the case of Al-
doped ZnO growth for transparent conducting layers [68], and stochiometry of complex
oxides can be adjusted by the addition of elements from a second target [9]. Gold and
silver nanoparticles have been embedded in oxides for high temperature superconductor
[64] and photocatalytic applications [69] respectively. Growth of a mixed, multilayer
garnet waveguide was achieved by Gazia et al (see gure 2.3) using a multi-beam setup
very similar to the one used for most of the results in this thesis [10].
Dierent ways have been suggested for controlling the ratio of components in mixed
materials, including changing spot size and/or uence to vary deposition rate [63] andChapter 2 Background 13
using a beam chopper to vary relative laser repetition rate [70]. It is also possible to
block beam paths manually, although this is cumbersome.
2.3 Structures of interest
2.3.1 Planar waveguides
A planar or slab waveguide consists of a layer of material of high refractive index sand-
wiched between layers of lower refractive index (whether grown or simply the substrate
and surrounding air). These layers have a width much greater than their thickness,
and light is hence conned in one dimension via total internal reection. If the core is
an active medium, the structure may act as an amplier or laser. Heat is dissipated
perpendicularly to the direction of emission and there is a large surface area to vol-
ume ratio, thus reducing thermal lensing. Compared to bulk lasers, such structures
are compact, allow greater overlap between pump and lasing beams (resulting in higher
eciencies), can be easily pumped by laser diode arrays and have the potential to be
used in integrated optical circuits.
A single-mode, single-layer waveguide laser may be dicult to pump eciently, partic-
ularly with high-power laser diode bars or stacks. The minimum pump beam diameter
may be much larger than the core thickness, and hence only a small fraction of diode
output may be guided in the core. Layer thickness can be increased to allow ecient
diode pumping; this, however, can result in multimode operation and hence a reduction
in the quality of the output beam. Instead, multiple cladding and capping layers can
be used, whereby pump light is guided by the cladding but absorbed only by the core,
an approach somewhat analagous to large mode area optical bre lasers. As shown by
Bhutta et al [71], it is not the absolute core thickness but rather the ratio of core to
undoped cladding thickness that determines single mode output (single mode output
possible in cases where the core is 3 times the thickness of each cladding layer). This
assumes that the index contrast between the core and cladding is much smaller than the
contrast between cladding and cap/substrate, as is the case for a YAG/GGG/Nd:GGG
multilayer.
Planar waveguides and lasers can be fabricated using a wide range of methods, many of
which are described in section 2.5. Single- and multilayer waveguides with high numerical
apertures (NAs) and bulk crystal quality may be created by bonding layers of crystal [72],
although the process is time consuming. Refractive index modication methods may be
used to fabricate single layers. This can involve indiusing or exchanging ions on the
substrate surface with ions from a layer placed on that surface (e.g. indiusion of Ti into
sapphire from a Ti:metal strip sputtered on the surface) or with ions contained in a bath
surrounding the sample. Bombardment with high energy light ions (ion implanatation)14 Chapter 2 Background
(a) Ridge (b) Rib/strip loaded (c) Buried channel
Figure 2.4: Illustration of common channel waveguide structures.
can induce a change in material refractive index to create a waveguide. While these
methods can be very slow and resulting waveguide thickness limited, they can be very
eective and have been used to fabricate waveguides in various crystalline and amorphous
materials [73, 74, 75].
Waveguides may also be fabricated by depositing layers of high-index material onto
planar substrates. Such techniques include amorphous or polymer thin lm deposition
methods such as sputtering, ame hydrolysis deposition and sol gel, as well as high
quality but slow epitaxial crystal growth methods such as molecular beam epitaxy. Some
are capable of depositing at high growth rates (>10 m per hour) whilst maintaining
crystallinity, such as liquid phase epitaxy. However, each has limitations in terms of
growth rate, lm quality, materials available or exibility, particularly for multilayer
deposition.
The lasing of a planar waveguide manufactured via PLD was rst demonstrated in
1996 with Nd:GGG on YAG [2], and since then the range of PLD-grown waveguide
materials has expanded to include YbVO4 [76], Ti:sapphire [41, 44], YAlO3 [77] and
SiO2 [78]. Reported thicknesses range from 200 nm to tens of microns, although
thickness of layers with dierent thermal expansion coecients to the substrate can
be limited due to strain (see section 3.2.4). Losses are often high, usually due to the
presence of particulates, although losses of less than 0.1 dB/cm have been demonstrated
[3]. Waveguiding multilayer structures have been demonstrated [10, 4]; however, their
overall structure thickness is limited due to strain-induced delamination and cracking.
2.3.2 Channel and rib waveguides
A channel waveguide connes light in two dimensions. It consists of a thin stripe struc-
ture with width similar to thickness, which may be overlaid on a substrate (ridge or rib,
gures 2.4(a) and 2.4(b)), or embedded within it (buried channel, gure 2.4(c)). Advan-
tages over bulk are similar to those of planar waveguides, with the additional advantage
of connement in two axes rather than one (of particular interest for integrated optical
applications). Propagation losses can, however, be higher than in the planar geometry
if the channel surfaces/interfaces are rough.Chapter 2 Background 15
Material Max output Slope Losses Reference
(mW) eciency (%) (dBcm 1)
Nd:GGG 1.35 0.2 - [91]
Yb:(Gd,Lu)2O3 12 6.7 7 [32]
Ti:Al2O3 27 5.3 1.7 [42]
Yb:YAG 800 68 1.3 [83]
Nd:GGG 27 48 0.25 [89]
Table 2.3: Resulting parameters of examples of lasing channels. All cases except [83]
and [89] were fabricated by processing of PLD-grown lms.
Various approaches to crystalline channel waveguide fabrication have been demonstrated,
more details of which are given in section 2.5. Channels may be fabricated in bulk ma-
terials or lms by refractive index modication, via proton or ion beam implantation
[79, 80, 81], indiusion [73], ion exchange [74] or laser writing. The latter can be used to
write waveguides directly [82] or to create areas of stress-induced refractive index change
between two laser-induced damage tracks within a bulk crystal, something which has
been demonstrated in doped YAG [83] and vanadates Nd:YVO4 and Nd:GVO4 [84, 85].
In such cases, induced refractive index changes (and hence NAs) are usually small, typ-
ically n 10 3.
Methods of physical structuring include femtosecond laser machining and ion beam
etching or milling, often machined directly into deposited lms [86, 87, 88, 89]. Ridge
waveguides have been fabricated by machining of a number of crystalline materials
grown via PLD, including Nd:GGG [90, 91], Yb:(Gd,Lu)2O3 [32], BSTO/STO[92, 93]
and Ti:sapphire [42].
Lasing has been achieved for some of the PLD-grown examples described (see table 2.3
for results). The contribution to the total loss from coupling, poor lm quality (e.g.
particulates) and scattering due to poorly dened channels varied in each case, with the
non-perpendicular polishing of ridge end presents a potential issue in the case of the
Ti:sapphire laser. The lasing performance of PLD lms has generally been poor com-
pared to that of some non-PLD examples, such as the Yb:YAG laser demonstrated by
Siebermorgen et al [83]. PLD, however, has the advantage of being a quick, simple depo-
sition method useful (in conjunction with further processing) for fabricating structures
with a high NA.
2.3.3 Superlattices and Bragg reectors
Superlattices, periodic multilayer structures with layers no more than a few tens of
nanometers thick, are of interest both in their own right and as a test bed for growth of
thicker layers, such as those required for Bragg reectors. Thus far, particular emphasis
has been placed on growth of semiconductor superlattices for quantum well applications16 Chapter 2 Background
such as diode lasers. CVD is generally the favoured manufacturing method for such
structures [94, 95, 96, 97], although MBE [98, 99] and sputtering [100, 101] have also been
investigated. Growth of epitaxial oxide superlattices by PLD has also been reported. An
area of particular interest has been the growth of ferroelectric and multiferroic materials;
heterostructures of such materials often show very dierent properties to single layers,
and PLD is an ideal method for depositing such multi-component crystals. Example ma-
terials include LiNbO3/LiTaO3 [102], PbTiO3/BaTiO3 [103], Pr0:7Ca0:3MnO3/SrRuO3
[104] and PbZr0:53Ti0:47O3/CoFe2O4 [105]. Growth of garnet superlattices by PLD has
been reported, with emphasis on magneto-optic YIG and BIG [5, 6].
Magneto-optic garnets have also been grown with thicker layers beyond the superlattice
regime. Simple PLD-grown YIG/BIG heterostructures with varying numbers of layers
were reported by Simion et al [56]. More complex structures include magneto-photonic
crystals (MPCs), thick magnetic single layers or multiple magnetic layers sandwiched
between reective Bragg stacks. These devices, which are designed to enhance the op-
tical or magnetic eects (such as Faraday rotation), may consist of a crystalline layer
between amorphous reective stacks (e.g. sputtered SiO2/TiO2) [106] or be fully crys-
talline [7, 107]. Examples of non-magnetic reective Bragg stacks grown via PLD in-
clude ZnO/MgO [108] and multi-phase/amorphous ZrO/Al2O3 [109], with ZnO-based
microresonators for lasing applications also reported [110, 111]. The examples described
above have been undertaken using conventional single-beam, single-target PLD and lim-
ited growth rates. It is expected that multi-beam PLD under one set of conditions (as
detailed in chapter 6) will allow much quicker growth of many more layers.
Garnet crystals are able to withstand temperatures of >1500 C and can have higher
thermal conductivities and higher damage thresholds than amorphous materials. Crys-
talline Bragg reectors are hence potentially of interest for high temperature sensing
and rapid prototyping of high-damage threshold optical components, as well as backing
mirrors for integrated thin disc laser crystals. As yet, however, reports have not focussed
on such applications. Polycrystalline stacks of mixed Al2O3-MgO and Al2O3 have been
deposited via physical vapour deposition (PVD) onto sapphire bre tips, in preparation
for high temperature sensing. Layer denition, however, is lost at temperatures higher
than 1000 C [112].
Apart from the magneto-optic structures mentioned above, sophisticated Bragg geome-
tries have not been investigated in depth. Examples of chirped polymer gratings fab-
ricated by spin casting have been reported [113], as have tunable Bragg reectors and
microcavities fabricated using transparent polymer rubbers [114]. However, although the
deposition process is quick and simple and a variety of materials are available, the stacks
cannot withstand high powers or temperatures >150 C. Modelling of apodised stacks
has been carried out [115], but such structures have not yet been realised experimentally.Chapter 2 Background 17
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Figure 2.5: Diagram of two approaches to composite thin discs. Purple areas represent
doping.
2.3.4 Thin disc lasers
A thin disc laser consists of a layer of material typically 100-300 m thick and 3-5 mm
in diameter, highly reective on its back side and bonded to a heat-sinking substrate.
The chief advantage of such systems over bulk lasers is that heat dissipation is ecient
due to the large surface-to-volume ratio. This allows large pump power densities to
be achieved, whilst thermal eects (such as lensing) remain much reduced compared to
bulk. This results in a laser that is ecient and high power (up to 6.5 kW reported for
end-pumped single disc [116], 300 W for side pumped [117]) but with excellent beam
quality [118]. Systems with powers of up to 16 kW are commercially available, based
around the combination of beams from multiple discs.
Such discs have traditionally been quasi-end pumped: the pump beam enters the crystal
at an oblique angle and single-pass absorption eciency is low. A parabolic mirror
arrangement is then used to direct the beam back into the crystal for multiple passes.
This is, however, very complicated to set up, and hence a move has been made towards
the simpler side pumping conguration [117, 118, 119, 120, 121].
Composite crystals and/or ceramics may be preferred over single crystal samples, both
to simplify the laser setup by guiding side-pumped light to the core and to reduce the
eect of amplied spontaneous emission by allowing it to escape the gain area. Such
structures can consist of a doped core surrounded by an undoped region of similar
material [117, 120] or a small active disc topped with an undoped cap [119, 122, 116]
(see gure 2.5). While the latter may be simpler to manufacture, the former allows all
pump light to be absorbed and does not require bonding of two crystals of dierent sizes,
which may render the sample more vulnerable to fracture upon heating.
Ytterbium is an attractive dopant for such systems, as it has a simple electronic struc-
ture, and hence is not subject to eects such as excited state absorption or upconversion,
and can easily be accommodated into the YAG lattice with up to 100% doping (YbAG).18 Chapter 2 Background
However, excessive heating can be problematic: as temperature increases, the lower laser
transition level becomes more populated, making population inversion more dicult to
achieve and increasing the likelihood of laser reabsorption. This has a major eect on
threshold pump power, and hence highlights the need for eective heatsinking. Because
of this, concentrations are generally restricted to a value between around 5 and 15%,
with 20% viewed as \heavily doped"[123].
Thin disc laser host materials are not limited to YAG, although it is the most com-
mon. GGG has recently been investigated as a potential ytterbium host for thin disc
lasers [124], with initial reports suggesting that thermal conductivity is higher than that
of similarly doped Yb:YAG for doping concentrations greater than 4%. By contrast,
Yb:LuAG has very similar thermal properties to Yb:YAG, but a larger emission peak
cross section and higher quantum eciency (high absorption at 968 nm rather than 940,
emission at 1030 nm) [125]. Sesquioxides such as Y2O3 (yttria), Lu2O3 (lutetia) and
Sc2O3 (scandia) [126] are also of interest due to their high thermal conductivities and
absorption cross sections compared to YAG, although with their high melting points
they can be dicult to grow as bulk crystals.
Generally thin discs have consisted of slices cut and polished from bulk crystals, limiting
thicknesses to greater than 100 m (it is mechanically dicult to fabricate thinner
samples). Polycrystalline ceramics have been investigated in thin lm geometry [127]
as they are harder and more resistant to damage, particularly from thermal shock.
They also have the potential to be heavily doped and made into composite structures
[121, 123]. However, like single crystal examples, the thicknesses are often limited due
to the fabrication methods.
This situation is not ideal: to reduce thermal eects and damage during operation,
disc thickness should ideally be smaller than 100 m. Liquid phase epitaxy has been
employed to grow Yb:KLu(WO4)2 layers [128]. As the dopant concentration could be
increased relative to bulk without dicultly, lasing was attained using a 50 m thick
layer.1 PLD growth of thick lms has generally been limited (see section 3.2.4), and no
examples of thin disc lasing of PLD-grown lms have been found. With the experimental
setup detailed in this thesis, however, growth rates for applicable materials (garnets,
sesquioxides etc.) of 5-10 m/hr are regularly observed. We also have the potential to
quickly and easily create hybrid crystals with our multi-beam setup.
1LPE has also been used to grow Yb:YAG layers, although these were 200 m thick [129].Chapter 2 Background 19
2.4 Alternative thin lm deposition techniques
2.4.1 Sputtering
Ions (usually Ar+) are accelerated by an electric eld onto the surface of a target, ejecting
material that is deposited onto a substrate. Deposition can occur with a background
gas (reactive and/or as a buer) or under vacuum. Epitaxy may be achieved by heating
the substrate, although post-annealing of an amorphous lm is usually preferred for
simplicity. The plume is generally widely distributed, leading to chamber contamination
and low growth rates but allowing large areas to be deposited at one time. It is a method
suited to deposition of various materials, particularly simpler materials such as metals,
semiconductors and simple oxides, for applications including antireection coatings and
photovoltaic cells [130].
Multi-target sputtering has been used to grow YIG [131] and YAG [132, 133]; however,
plume spreading again led to wide stoichiometry variations across the lm, and the
post-annealing approach has resulted in polycrystalline lms.
2.4.2 Flame hydrolysis deposition (FHD)
An oxygen-hydrogen ame is directed towards the substrate. Precursors of the desired
materials (e.g. silicon halides) are fed into the ame, reacting to form particles that are
deposited onto the substrate. The wafers are subsequently annealed to form layers of
glass. Areas of 100 cm2 can be covered by translation of the ame across the substrate,
and growth rates (excluding annealing) can be high at 10 m per hour. Dopants can be
incorporated to change refractive index, melting point and photosensitivity of the layers,
of importance for subsequent use in integrated optical device fabrication. Additional
dopants that cannot be deposited by FHD (e.g. lasing ions) can also be incorporated
into the structures by solution doping prior to annealing. The method is commonly
used for silica-on-silicon waveguide fabrication [134]; however, while low loss layers can
be deposited (0.1 dBcm 1), the materials available (even with solution doping) are
restricted by the chemistry involved.
2.4.3 Thermal vapour deposition (TVD)
The substrate is positioned above a crucible of material to be deposited. The material is
heated, forming a vapour that is deposited onto the substrate. As with sputtering, TVD
can be used to deposit over large areas. However, use is limited to simple materials
with low melting points and high vapour pressures, and as the vapour is dicult to
control, growth rates are low and chamber contamination is high. Stoichiometry of20 Chapter 2 Background
multi-component materials can also be dicult to maintain, as the dierent constituents
have dierent vapour pressures.
2.4.4 Cathodic arc physical vapour deposition (arc-PVD)
An electric arc is formed on the surface of a cathode target. The high local temperature
(1.5104 C) vaporises the cathode, forming a jet of material that is deposited onto
a nearby substrate. The method is prone to droplet formation, target damage can
be high (particularly for materials with lower melting points) and ion velocities very
high, potentially leading to stresses in the lm. However, arc-PVD is a useful method
for growing extremely hard materials with high melting points, such as diamond-like
carbon (DLC), that may be dicult to deposit via other methods2.
2.4.5 Chemical vapour deposition (CVD)
A mixture of precursor chemicals containing components of the material to be deposited
is passed across the substrate surface, where the precursors react to form a layer of ma-
terial. There are a number of dierent forms of CVD, including laser assisted (LACVD)
and plasma enhanced (PECVD), which extend the basic CVD setup to control or en-
hance reaction dynamics, growth rates and/or available materials. Growth rates vary
from 0.1 to 100 m per hour depending on the material and the variant of CVD being
used. The quality of deposited lms is usually high, such as the YAG samples grown
by Bai et al using metalorganic CVD (MOCVD) [135]. However, both precursors and
reaction by-products are often harmful, and deposition is limited by available material-
precursor mixes.
2.4.6 Molecular beam epitaxy (MBE)
Film constituents are held in separate cells and heated to produce molecular beams of
material. These beams are directed onto a substrate where they combine to form an
atomically thin layer. Control over the thickness and stoichiometry of these layers is ex-
tremely precise, allowing high-quality crystals and intricate structures to be fabricated.
The technique is hence widely used for growth of semiconductor devices, including semi-
conductor lasers [98]. Growth rates are very low, however (typically <0.5 m per hour),
and cost is high.
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2.4.7 Liquid phase epitaxy (LPE)
The material to be deposited is dissolved in a liquid melt. A substrate is dipped into
this solution and is cooled, whereupon the material condenses and is deposited as a
thin lm. Although initial experiments to determine optimum conditions can be time-
consuming (as with PLD), growth rates can be relatively high with high crystal quality
(YIG growth rate typically 6-60 m per hour, for example [136]). Multilayer growth is
possible by re-dipping the substrate in another melt, assuming that the melting point of
the second solution is below that of the original lm. The technique is, however, limited
to those materials for which a suitable solvent can be found, and multilayer growth can
be problematic.
2.4.8 Sol-gel
A substrate is dipped into a continuous suspension, or gel, formed by partial drying of
liquid particles or polymers suspended in a liquid, known as a sol. A thin solid lm
of that material is formed after further drying. High temperatures are not required,
which is of interest particularly when depositing polymers3 or biomolecules [137], and
the method is quick and inexpensive. However, epitaxy is very dicult to achieve, and
materials are limited to those for which an appropriate solvent can be found.
2.5 Alternative waveguide fabrication techniques
2.5.1 Direct bonding
In general, intermolecular forces (e.g. van der Waals) are not strong enough to bind
together two rigid layers of material, due to surface roughness/imperfections. However,
if surfaces are polished optically at (to within 10  A) and kept clean of dust and grease
the contact area can be great enough to allow the layers to bond. Further annealing
encourages the formation of stronger covalent bonds, preventing delamination of the
structure. In this case, it is important to select materials with similar thermal expansion
coecients, to prevent cracking upon cooling. Unlike epitaxial growth methods, however,
direct bonding is not limited to materials with similar lattice constants.
Bonding of thin layers can be dicult, as they may be prone to cracking. It is hence
preferable to bond thicker crystals and polish back, although this can be time consuming
in the context of fabricating multilayer structures. However, direct bonding of thicker
layers has proven to be very eective for the fabrication of planar waveguide lasers [138].
3Polymers layers are more commonly deposited by spin coating.22 Chapter 2 Background
2.5.2 Indiusion
A layer of metal or metal oxide, typically some hundreds of nanometres thick, is de-
posited onto a substrate. The sample is left in a furnace typically at >1000 C for some
hours/days until the metal has diused into the substrate. This may serve to increase
the refractive index only, forming a waveguide, or may also allow dopants to be incorpo-
rated (e.g. Ti indiusion of sapphire). By depositing strips of material only, for example
by photolithography, channel waveguides may be formed [73]. Materials are limited to
those which may be diused into the particular substrate, and the time taken to create
waveguides more than a few microns in depth can be very long.
2.5.3 Ion exchange
Ion exchange is similar to indiusion and shares many of its limitations. Substrates are
placed in a bath of heated (molten) salt. Ions in the salt are exchanged with ions in
the substrate to create an area of increased refractive index. By applying a mask before
placing the sample in the bath, channel waveguides may be formed, and the technique
can be applied to both crystal [74] and glass substrates [139].
2.5.4 Ion implantation
Ions accelerated to high energies (MeV) are red at a sample to modify the material
(changing density, structure or stoichiometry [75]) and hence induce a change in refrac-
tive index (usually small, 10 3). Ions are typically light, such as H+ (protons) or He+,
and penetration depth can be controlled by changing the ion energy. The index change
can be positive or negative, depending on the material and damage mechanism involved,
and hence waveguides can be formed directly (positive n) or by inducing low-index
tracks/layers, between which light can be guided. The whole surface of a sample can be
ooded with ions or the beam can be directed, to create planar and channel waveguides
respectively. The technique can be applied to a wide variety of materials, including
doped YAG [79, 80, 81].
2.5.5 Focussed ion beam machining (FIB)
A lm may be physically machined via ion beam machining to create waveguiding struc-
tures. Ions (e.g. gallium) are accelerated to energies of some tens of keV and focussed
onto a sample, causing elements to be sputtered from the surface. Very precise control
can be achieved over feature size and position (smallest features 10-100 nm), allow-
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due to the very low material removal rate ( m3 per second) larger structures can be
prohibitively slow to machine.
2.5.6 Photolithography
Arrays of raised structures such as ridge waveguides may be fabricated by a combination
of photolithography and chemical or ion beam etching. A layer of photosensitive polymer
(\photoresist") is applied to the sample by spin coating. This layer is exposed to UV light
shone through a photomask. The light \cures" exposed areas of the surface, rendering
them soluble or insoluble (positive or negative photoresists respectively) in a solution
known as developer. After developing and baking to solidify the remaining photoresist,
the surface is left patterned with areas that are resistant to subsequent etching. Chemical
etching is suitable for some materials, such as glasses; in this case the substrate is left in
a chemical bath for some minutes/hours. Alternatively, the substrate is exposed to an
ion beam and material is etched similarly to FIB. Any remaining photoresist is removed
after etching, for example chemically using \resist stripper" liquid.
The process has many steps and involves the use of hazardous chemicals in the case of
chemical etching. Etching rates may be low etching, limiting the size of features that
can be fabricated, and control over vertical feature proles (e.g. sloping sides) can be
dicult to achieve. However, very precise surface patterning can be achieved and large
substrate areas can be processed simultaneously, making the technique cost-eective for
batch production. Lasing has been achieved in a number of ion beam etched samples,
including Nd:GGG [89], sesquioxides [32] and Ti:sapphire [42].
2.5.7 Direct writing
This term covers two distinct techniques, both of which use laser light to modify a
material to create a channel waveguide. The rst of these uses a CW UV laser to modify
photosensitive materials such as doped glasses [134] or lithium niobate [82], increasing
the refractive index either continuously, to create a waveguide, or variably, to form a
Bragg grating. This technique has been used to fabricate a variety of devices, including
sensors, and is of particular interest for integrated optical applications.
The second technique involves using femtosecond pulsed lasers to physically machine
bulk or thin lm crystals via multi-photon ionisation-induced damage. A thin lm may
be machined/ablated to form tracks either side of a strip or ridge waveguide [90, 91],
although such tracks are typically very rough and hence waveguide losses can be high.
Alternatively, by focussing inside the material, a pair of damage tracks may be machined
below the surface of a bulk sample [83, 84, 85]. The resulting strain induces a change in
refractive index of 10 3 in the area between the tracks, creating a waveguide with low
loss (1 dBcm 1 [84]) but small numerical aperture.24 Chapter 2 Background
2.6 Conclusions
A wide range of techniques, both thin lm-based and others, are available to fabricate
optical devices from a wide range of materials. PLD, in both single- and multi-target
form, has proven highly eective at depositing a range of optical crystals, with multi-
component oxides such as garnets being of particular interest. While it has strong
competitors (particularly LPE), PLD displays advantages over other techniques in terms
of speed, ease and/or exibility in a number of applications, particularly multilayer
growth. However, much is still to be done to harness these positive aspects of PLD. The
multi-beam, multi-target variant is an area particularly rich for exploitation to grow
functioning optical devices.Chapter 3
Theory
3.1 Introduction
This chapter introduces some of the theoretical concepts underlying the techniques and
devices described in this thesis. Explanations are mostly qualitative, with some equa-
tions included where helpful. The processes involved in PLD are discussed rst, high-
lighting some of the most important factors to consider when using and extending the
technique. Some theory underpinning the key applications and devices in this thesis is
subsequently given, calling attention to the notable design features.
3.2 PLD theory
Pulsed laser deposition is a highly complex process with many interdependent variables
and mechanisms. Although models have been reported for separate parts of the process,
modelling of the complete process has proven prohibitively dicult. This section gives
an overview of the mechanisms involved in PLD and discussion on the impact they have
on the potential for growth of thick, high quality lms.
3.2.1 Laser ablation
A basic overview of the laser ablation process is shown in gure 3.1. A number of
mechanisms have been suggested to explain how a laser pulse incident upon a target
can induce the expulsion of material from the target surface, many of which can be
categorised as follows [141]:
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Figure 3.1: Illustration of the nanosecond ablation process. (a) Laser pulse is absorbed
by the target, leading to heating. (b) Target melts, then evaporates releasing a plume
of material. (c) Plume becomes dense enough to absorb laser directly, becomes partially
ionised and expands away from the target. (d) The laser pulse ends and plume expands
away from the target; target resolidies having been modied.
 Thermal The ablated area melts and vaporises to form a plume of ejected ma-
terial. The eects of this mechanism can be observed in the formation of wave-
like structures or reposited droplets on the target surface post-ablation (solidied
and/or splashed molten areas, see section 3.2.5). For this mechanism to be re-
alised, heat should not be transported away more quickly than it can be absorbed
i.e. absorption length La must be greater than thermal diusion length Ld. These
quantities are given by equations 3.1 and 3.2 respectively [23]:
Ld = 2
p
(D  ) (3.1)
La =
1

(3.2)
where D and  are thermal diusivity and absorption coecient respectively and
 is pulse duration. Assuming Ld < La, the depth of material removed by ablation
d is given by equation 3.3:
d =
1

lnj
F
Ft
j (3.3)
where F and Ft are laser pulse uence and ablation threshold uence respectively.Chapter 3 Theory 27
A number of ideal laser properties hence become apparent. Short pulse dura-
tions minimise the time a target has to react to a pulse, reducing heat diu-
sion, and shorter wavelengths have shorter absorption depths in most materials.
Nanosecond-pulse ultraviolet lasers are therefore often appropriate;
 Electronic A broad category which includes multi-photon absorption, the domi-
nant eect at very short pulse lengths i.e. femtosecond PLD [142], where atoms
are ionised directly by the simultaneous absorption of two or more photons. A
free electron created via multi-photon ionisation can be accelerated by interaction
with a bound electron. The subsequent increase in kinetic energy allows this free
electron to ionise a second bound electron, leading to an exponential increase in
ionisation. This process is known as avalanche ionisation [143]. Material may be
ejected by a Coulomb explosion, an eect also limited to short timescales (100
fs [144]). As electrons escape, positive charge can build up on the surface as elec-
trons escape, resulting in an explosive release of energetic ions, a consequence of
Coulomb repulsion;
 Collisional Some fraction of ions ejected from the target may be accelerated back
towards the surface by collisions within the plume, leading to sputtering of an area
of the target surface larger than the ablated spot [145];
 Hydrodynamic Extended features form on a molten surface (see above) that are
expelled as droplets (i.e. particulates). Such features may reach the lm surface
or be redeposited on the target surface and exfoliated at a later time (see section
3.2.6) [146].
 Exfoliation Chunks/akes detach from the target surface due to thermal shock.
This eect is particularly problematic for brittle target materials, such as the
garnets used predominantly in this thesis [141].
For the nanosecond ablation described in this thesis, electronic processes are signicant
in the rst picoseconds of the pulse [143], after which thermal sputtering becomes
the dominant mechanism [145]. Free electrons, generated for example by multi-photon
absorption, are accelerated by the continuing laser pulse. This results in heating of the
surrounding target material by electron-phonon interactions [147], leading to melting and
vaporisation of the material as described above. However, very high temperatures are
required for signicant ionisation fractions to be achieved (see section 3.2.2), which may
not be reasonable via thermal mechanisms only. Other processes (laser hotspots, multi-
photon ionisation, impurities etc. [148] must hence also be taken into account: these
result in the production of local areas of high ionisation fraction and hence temperature.28 Chapter 3 Theory
3.2.2 Plume formation and propagation
The ratio of singly charged ions to neutrals in a gas in local thermal equilibrium (which
the evaporated plume can be assumed to be) can be predicted using the Saha equation
[149]:
ni
nn
= 2:41015T3=2
ni
e Ui=kT (3.4)
where ni and nn are the ion and neutral densities respectively (number per cm3), k is
Boltzmann's constant, T is the temperature and Ui is the rst ionization potential in eV.
The fraction of ions in the plume ni=(ni+nn) hence remains small compared to neutrals
until the temperature increases to the point where Ui is only a few times larger than kT.
At this point, the fraction of ions increases dramatically and a plasma plume is formed.
The temperature will increase as the nascent plume absorbs laser energy directly via
inverse Bremsstrahlung absorption [148]; heating of the target decreases as the laser
energy is absorbed directly and it resolidies. Typical values of Ui are of the order of
10 eV; temperatures of 6000 K or ion densities of >1018 are hence required before
signicant ionisation (ionisation fraction > 0:1) will occur, which may be unreasonable
for typical uences [149]. However, nonuniformities in the electron density may locally
increase ni, seeding ionisation of the whole nascent plume [148].
Once the plume is suciently ionised such that plasma frequency plasma  laser radia-
tion frequency , the laser light will be reected, preventing further heating [150]. The
plasma frequency is is related to the electron density ne by equation 3.5.
plasma = 8:97103p
ne (3.5)
The plume expands away from the substrate into areas of lower pressure, with the
greatest rate of expansion along the axis with the greatest pressure/density dierential.
The shape of the plume will depend on spot size: a large spot size results in a plume
that travels mostly perpendicular to the substrate, while a smaller spot size leads to a
more divergent plume (and hence a lower growth rate), an eect known as `ip-over' [23]
(see gure 3.2). Many PLD setups do not use circular spots (e.g. rectangular excimer
beams) and hence plume cross sections are often elliptical.
The angular distribution of the plume has been tted in many cases to a cosn  function,
where n can range from 2 to 20, depending on the particular system (uence, pressure
etc.) [148]. Dierent elements in a multicomponent target may have dierent angular
distributions, with lighter elements being scattered preferentially and hence being found
at the edges of the plume. This eect has particular relevance for the garnet deposition
described in this thesis; a GGG lm may be gallium decient, for example, due to theChapter 3 Theory 29
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Figure 3.2: Diagram of ip-over eect. The expansion of the plume is faster in the
initially smaller axis [23], hence a large spot results in a conned plume while a small
spot results in a widely distributed plume (and consequently lower deposition rate).
increased scattering of gallium compared to the heavier gadolinium1. A plume in general
will be much more widely distributed under lower pressure than higher pressure; as a
result, deposition at low pressure (typically <10 2 mbar) leads to coating of the inner
faces of vacuum chamber windows. Increasing the background pressure will in general
result in slowing of the plume and hence greater spatial connement, placing an upper
limit on the practical gas pressures and target-substrate distances that can be used.
It is possible that some components of a plume will undergo no collisions with a back-
ground gas and hence will travel with a much higher velocity than components that do
undergo collisions. This can result in a time-of-ight (TOF) spectrum with a split peak
at the substrate, as opposed to the single peak observed in vacuum (examples in chapter
5) [152].
If a reactive gas is chosen, the background gas can also serve to alter the composition or
stoichiometry of the resulting lm. Depositions described in this thesis have taken place
in an oxygen atmosphere, providing a source of oxygen atoms that can be incorporated
into a growing lm to replace oxygen otherwise scattered from the plume.
A typical plume contains neutrals and particulates as well as ions, electrons and clusters.
Neutrals may arise as the plume expands due to ion-electron recombination; particulate
generation is described in detail in section 3.2.6. In general, ions (particularly light
ions) have high velocities, travelling at the front of the plume and reaching the substrate
before neutrals and particulates, which travel more slowly [148]. Techniques making use
of this eect can hence be used to reduce the number of particulates in the resulting
lm (see section 3.2.6). Electrons tend to attain the highest velocities but do not escape
the plasma due to the strong space-charge eld generated by their collective movement
away from the ions within the plume.
1Gallium reaching the substrate may also be lost from the growing lm due to its high volatility
compared to gadolinium.30 Chapter 3 Theory
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Figure 3.3: Diagram of various nucleation processes on substrate: (a) Atom deposited
on substrate, (b) atom desorbed from substrate, (c) cluster nucleation, (d) atom diuses
to cluster, (e) atom deposited on cluster, (f) atom desorbed from cluster, (g) atom
dissociated from cluster
3.2.3 Crystal growth
3.2.3.1 Growth mechanisms
The properties of the plume as it arrives at the substrate, as well as those of the substrate
itself, will aect the stoichiometry, deposition rate, stress, crystallinity and particulate
size/density of the resulting lm. Because these variables are interdependent, it may
be necessary to compromise to achieve practical lm growth: for example, non-bulk
stoichiometry may have to be accepted in order to obtain a high enough growth rate.
For deposition within a background gas, plume constituent energies at the substrate may
not be high enough to allow adatoms (atoms on the surface) to migrate to the appropriate
lattice sites. Substrates are hence usually heated to obtain lms of the desired crystalline
phase. Heating can, however, increase the rate of desorption of volatile elements, leading
to stoichiometric deciencies [9]. Ion energies can be high enough to cause sputtering
of the lm surface (again changing stoichiometry) and/or induce compressive stresses
within the lm [153]. The latter in particular can be used as a tool to control overall
lm stress via changing pressure and uence [11].
Figure 3.3 shows a diagram of the various nucleation processes occurring at the substrate
surface. Crystals may initially form in one of three modes [154]:
 As clusters or islands (Volmer-Weber growth), if lm components are more strongly
bound to each other than to the substrate;
 As 2D monolayers (Frank-van der Merwe growth), if lm components are more
strongly bound to the substrate than to each other ;
 Initially as monolayers, followed by island growth (Stranski-Krastinov growth);
free energy states in the growing lm change with changing strain e.g. relaxing
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3.2.3.2 Crystal defects
PLD-grown crystals are likely to contain defects, which fall into one of three classes
[155]:
 Point defects Atoms missing or in incorrect lattice sites e.g. vacancies, intersti-
tials (atoms where none would normally be found), substitutions etc.;
 Line defects Groups of atoms in incorrect positions e.g. edge dislocations formed
by relaxing lattice mismatch;
 Planar defects Interfaces between regions of material e.g. grain boundaries.
Such defects can inuence various lm properties including strain and refractive index.
Vacancies and substitutions may also lead to the creation of colour centres.
Crystal defects of some kind are likely to be the cause of an eect observed for YAG
lm growth: while growth of YAG on bulk YAG substrates results in a water-clear
layer, YAG lms grown on GGG layers (for capping or Bragg structures) are brown
and opaque until subsequent overgrowth or annealing. The exact mechanism for this is
not yet known. Reports exist of F- or colour-centre formation in bulk YAG when the
crystal is Al decient, a mechanism that leads to brown colouration [156]. It may be
the case that Al or O atoms from the lm diuse into the GGG layer below, leading to
vacancies and hence colouration in the YAG lm that persist until another GGG layer
is deposited, lling those vacancies again by diusion. The eect has not, however, been
examined in detail.
3.2.3.3 Lattice mismatch
Deposited material will grow epitaxially where possible. Lattice constants diering by
up to 9% can be accommodated via strain and/or edge dislocations in the growing
lm [23]; below a threshold thickness it is energetically favourable for the lattice to
strain, while above this threshold, dislocations will be introduced. Mismatches larger
than 9% will generally lead to polycrystalline or amorphous growth. Films with lattice
constant that is an integer multiple of that of the substrate may also be successfully
grown (harmonic mismatched growth) (see gure 3.4). The threshold thickness after
which lattice mismatch fully relaxes has been shown experimentally in the case of GGG
on YAG to be 4 m [11].
3.2.3.4 Thermal expansion mismatch
Heteroepitaxial crystal lms may grow in an unstrained state while heated but may
become highly strained on cooling to room temperature as a result of a mismatch in32 Chapter 3 Theory
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(a) If substrate and 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Figure 3.4: Diagrams of possible lattice states. Films in cases (b), (c) and (d) will
not be strained due to lattice mismatch
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film > 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Figure 3.5: Eect on lm and curvature of thermal expansion coecient  mismatch.
thermal expansion coecient . Substrate and lm will contract by dierent amounts,
causing either compressive strain in the lm when film < substrate or tensile strain
when film > substrate (see gure 3.5). Once thickness increases beyond a certain point,
the lm may not be able to ex and instead will crack on cooling or polishing. For GGG
lms grown on YAG substrates at 650 C this threshold thickness has been found to
be 40 m [23].Chapter 3 Theory 33
3.2.4 Thick lm growth
Two main factors appear to place an upper limit on practically achievable lm thick-
nesses: growth rate, which may be limited by the conditions required for high-quality
lm growth, and thermal expansion mismatch, as described in the previous section. The
former can be combated in multi-beam chambers by the introduction of a second plume
and target.
A route to solving the problem of thermal expansion mismatch has been suggested by
May-Smith et al [11], using the example of GGG lms on YAG. Thermal expansion
mismatch resulted in tensile strain of the lms. However, compressive strain could be
introduced by increasing uence and therefore the energy of ion bombardment (similar
to the results in chapter 5). These two sources of strain may hence be balanced to create
a lm with lesser or no overall strain at room temperature, which is hence able to grow
to greater thicknesses without cracking on cooling. The amount of compressive strain
that can be induced is limited, however, as lms can crack during deposition due to the
lack of counteracting strain from thermal expansion mismatch.
3.2.5 Target modication
A target will be left modied after ablation has taken place, leaving laser-induced fea-
tures such as cones and ripples. These features aect subsequent ablation (e.g. uence
is altered by changes in eective surface area) and can lead to the production of partic-
ulates. An example of a target surface after 6 hours of ablation can be seen in gure
3.6 (target rotated but not tilted). Cones are produced at the outer edge of the ablated
ring, with ridges in the centre.
The term \cones" comprises features ranging from truly conical to irregular columns
or clusters. They are thought to arise from poor ablation of points on the surface
(impurities or deposited debris, for example). Material surrounding or between these
points is ablated at a higher rate than the points themselves, building up a cone after
many successive laser pulses [157, 158]. As a result of this process, cones will grow in
length as the number of shots increases, always pointing in the direction of the incoming
laser beam. As the eective surface area is increased, the presence of such structures can
change the eective uence and hence change the ablation characteristics of the surface.
Cones can also be exfoliated from the surface and be deposited as particulates.
An example of cone growth can be seen in gure 3.6(a). These cones have formed around
the edge of an ablated ring, suggesting that cone formation may primarily be caused by
deposited debris or splashing. In the centre of the ring are large scale wave-like features.
With a separation of 20 m, these ripples are similar in shape and scale to surface
features observed by Ang et al [159]. The suggested mechanism for their production34 Chapter 3 Theory
(a) Cones form at the edge of the ablated ring
(b) Large scale wave-like structures form in the centre of the ablated
ring
(c) The transition from lapped surface (left) to cones (middle) to large
scale ridges (right) can be observed
Figure 3.6: Dierent surface features produced in dierent parts of an ablated ring.Chapter 3 Theory 35
was a Kelvin-Helmholtz instability (a result of a velocity dierence between two uids).
This can be thought of as analogous to waves that are produced when wind blows across
a water surface, with molten parts of the target serving as water and the expansion of
the plasma plume as wind.
Ripples on a wavelength scale may also be observed for uences below the ablation
threshold (i.e. not in the case described above). Such features are known as laser-
induced periodic surface structures (LIPSS) and have been demonstrated in metals,
semiconductors and dielectrics at a range of pulse durations and wavelengths, though
the mechanisms for formation are not yet well understood [160].
Consequences of target modication, whether direct or as a result of surface feature
formation, include:
 Structure and composition More volatile elements may be lost or reactive
elements may react with the background gas. Stratied layers may be formed as
target components with higher melting points freeze while others remain molten
(surface segregation). Elements in the target may be redistributed by diusion, or
crystallinity altered or lost as the target cools.
 Deposition rate Deposition rate can diminish as cones are formed, eventually
reaching a constant value [157]. As mentioned previously, surface structuring can
inuence the eective uence, which will in turn aect the deposition rate. Ab-
sorption characteristics or threshold uence may also change as a result of modied
stoichiometry or crystallinity of the target surface, which will directly aect depo-
sition rate.
 Film stress Dierences in uence will impact the energy of the plume components,
while changes in target stoichiometry will aect the species present in the plume,
both of which will aect the resulting stress state of the lm.
 Particulates Surface structuring greatly increases the production of particulates.
The processes involved and some approaches to reduce particulates are described
in section 3.2.6.
3.2.6 Particulate formation
Particulate formation is a signicant drawback of PLD compared to many other de-
position techniques. Several mechanisms of particulate formation have been proposed,
depending on the material and conditions used. These include:
 Exfoliation of laser-induced surface features or redeposited debris by laser-induced
thermal or mechanical shock (submicron to micron sizes particles).36 Chapter 3 Theory
 Splashing i.e. expulsion of liquid droplets from the surface, caused by sub-surface
boiling at high uence and/or the shockwave from the plume (submicron to mi-
cron).
 Condensation of vapour species in the plume (submicron).
The latter two in particular can be minimised by optimisation of deposition parame-
ters such as gas pressure, laser uence2 and wavelength and target-substrate distance.
Further particulate reduction can be achieved using more sophisticated methods such
as velocity ltering, pulsed gas jet, o-axis deposition and the dual-beam cross plume
approach pioneered by Gaponov et al [157] (see section 2.2.3.2). All of these have signif-
icant disadvantages, however, whether in the form of a more complex deposition setup
or a much reduced growth rate.
A relatively simple way to reduce particulates caused by exfoliation is to periodically
lap or polish a target to remove laser-induced surface structures and debris. In order
to increase the time between reconditioning and utilise a single target more eectively,
many groups employ some technique to increase the surface area ablated over the course
of a deposition. Such methods include raster scanning the ablating beam across the
surface, rotating the target with an oset cam so that the ablating laser follows an
approximately epitrochoidal path, and tilting targets during ablation. The latter two
methods have been employed in the experiments detailed in this thesis (see section 4.2).
As well as allowing more ecient use of the target surface, target tilting can also be used
to control lm curvature. To utilise this level of control, however, it may be necessary
to dwell at certain target tilt angles rather than tilt continuously. This dwelling results
in a build up of cones/splashed areas at the edges of the ablated track which are likely
to be exfoliated when the target moves to its next tilt position. A larger number of
particulates may hence have to be tolerated in order to reduce lm curvature. Figure
3.7 shows the average particulate count per cm2 for three GGG lms grown without tilt,
with continuous tilt and with a tilt program designed for at lm growth (varying dwell
times). The order of magnitude dierence that the tilt program can make to particulate
density is easily observed.
It was possible to achieve virtually particulate-free growth of YAG by ablation of the
fresh surface of a sintered target with no tilt (see gure 3.8), but as sintered targets can
be dicult to recondition (see section 4.2.5) target use is limited.
2A compromise must be found between high and low uence, which can result in droplet formation
due to subsurface superheating/exfoliation and poor ablation/condensation respectively.Chapter 3 Theory 37
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Figure 3.7: Graph comparing average particulate counts of GGG lms of 12 m
thickness with dierent target tilting programmes. Average total particulate counts for
heights >50 and >100 nm are shown.
Figure 3.8: Optical microscope image of a 5 m thick YAG lm grown by ablating
sintered YAG target without tilting. The number of particulates observed is very low
(<500 per cm2 with height >40 nm).
3.3 Waveguide theory
An optical waveguide is a structure that connes the spatial region in which light can
propagate, consisting of a region of high refractive index (the core) surrounded by lower
index cladding. The work in this thesis has involved the fabrication of waveguides
conning light in one and two dimensions, known as planar and channel waveguides
respectively; diagrams of these geometries are shown in gure 3.9. Some of the theory
highlighting design features of such structures has been described in this section, with
more detailed derivations given in appendix A.38 Chapter 3 Theory
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Figure 3.9: Dierent waveguide geometries. In each case the index of the core n2 >
n1;n3.
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Figure 3.10: Diagram of waveguiding via total internal reection; n2 > n1.
Guidance of light can occur in the core due to total internal reection (TIR), assuming
the index of the core is higher than that of the cladding (see gure 3.10). The critical
angle c for waveguiding is given by Snell's law:
guide  c = sin 1

n1
n2

(3.6)
The maximum incident acceptance angle max, beyond which light will not be conned
within the guide, can be determined from the refractive indices of the guide and sub-
strate/cladding by the relation:
n0 sinmax =
q
n2
2   n2
1 = NA (3.7)
where NA is the numerical aperture of the guide and n0 is the index of the medium
surrounding the waveguide.
Waveguide modes are a set of electromagnetic elds which maintain their spatial dis-
tribution at they propagate, varying only by a phase factor. The modes are solutions
of the wave equation (equation A.3) in each part of the guide. For a symmetric planar
waveguide, a waveguide where substrate and cladding have the same refractive index
(the case for most examples described in this thesis), the number of modes M above the
fundamental of wavelength  that a guide of thickness d can support is given by:Chapter 3 Theory 39
M =
2d

NA (3.8)
A thicker waveguide or one with a larger refractive index contrast (higher NA) will hence
support a larger number of modes. This can present a problem with high contrast, high
NA waveguides such as the garnet lms described in this thesis; single layers thick enough
to allow for signicant diode pump absorption are likely to support a large number of
modes, leading to multimode laser output. This can be avoided, however, by careful
selection of layer thicknesses in a multilayer clad waveguide, as described in section
3.4.2.
A rectangular channel waveguide guides light in two dimensions rather than one. It can
be approximated by treating the guide as two separate three-layer planar waveguides,
and the same conclusions regarding multi-mode behaviour for a given thickness and NA
may be applied.
3.4 Laser theory
3.4.1 Lasers of interest
Laser materials of primary relevance to this thesis are Nd3+-doped garnets, with Yb3+-
doped garnets also potentially of interest (although not yet grown) for use with the novel
techniques described.
Growth of neodymium-doped GGG waveguides has been described in this thesis, while
Nd:YAG lasers have been used for ablation in some cases. Nd3+-doped gain media may
be thought of as a classic four-level laser system (although energy levels are Stark split,
the sub-levels usually do not play dierent roles in the scheme). The pump wavelength
typically used is 808 nm, with emission typically at 1064 nm (4F3=2 to 4I11=2 transition,
see gure 3.11(a)). Other laser transitions are possible, although steps must be taken
to suppress emission of 1064 nm radiation, for example by selecting mirrors that do
not reect at this wavelength. Nd3+ systems can also be operated as three-level lasers
emitting at 946 nm, with the ground state 4I9=2 acting as the lower laser level.
Nd3+ ions replace Gd3+ in the GGG lattice and Y3+ in the YAG lattice. The atomic
radius of Nd3+ is larger than that of Gd3+/Y3+. Doping concentrations are hence limited
to a few percent due to the increased crystal strain.
Yb3+ has a simpler electronic structure than Nd3+ (see gure 3.11(b)). It has a small
quantum defect which makes Yb3+-doped materials ideal for high power applications
(eciency is high and thermal eects relatively low), and excited-state absorption can-
not occur due to the simple structure. Yb3+-doped lasers are quasi-three-level systems,40 Chapter 3 Theory
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Figure 3.11: Energy structures for Nd:YAG and Yb:YAG, with possible transitions
shown and corresponding wavelengths (in nm) labelled.
however. As such they suer from a number of problems not applicable to four-level sys-
tems, which can include high pump powers requirements, high lasing thresholds and/or
the stimulated emission of electrons from the upper laser level to the ground state. Las-
ing at 1030 and 1050 nm can be achieved with a pump wavelength of 942 nm. Yb3+ and
Y3+ atoms have very similar ionic radii, allowing Yb3+ to be substituted into crystals
such as YAG and Y2O3 at doping levels of up to 100%.
3.4.2 Lasing waveguides
Waveguide lasers have a number of potential advantages over their bulk crystal coun-
terparts. These include [161, 162, 72]:
 Lower lasing thresholds, with the advantage increasing with increasing waveg-
uide length and pump/lasing connement. The eect is more pronounced in chan-
nel waveguides than in planar, due to the greater beam connement. However,
the advantage can be negated if round trip loss in the waveguide is signicantly
higher than bulk (more likely in channel waveguides than planar).
 Comparable/higher slope eciencies due to the greater overlap between
pump and laser beams in a waveguide geometry. Again, however, this assumes
that losses are relatively low.
 Heat removal can be ecient compared to bulk crystals due to the large surface
area to volume ratio, allowing much higher pump powers to be applied before
thermal stress becomes damaging. In the planar case, heat ow is eectively one-
dimensional, and for a practical slab of some tens of microns thick the maximumChapter 3 Theory 41
power density allowed is hence many orders of magnitude higher than the power
densities required [162].
 Potential for integration as part of an on-chip optical circuit, particularly in
the case of channel waveguides. Compact laser systems can also be based around
waveguide lasers, due to the compatibility with diode pumping (only relatively
simple optics required).
 High power single mode output can be achieved with diode-pumped clad
waveguides (i.e. planar multilayers) by careful choice of layer thickness, as de-
scribed in section 2.3.1, assuming such structures can be fabricated in practice.
As can be seen above, many of the advantages of a waveguide laser geometry require
losses to be low compared to bulk. PLD-grown waveguides are particularly vulnerable
to scattering loss due to particulate formation; particulate production should hence be
avoided as much as possible.
3.5 Bragg reector theory
In a planar geometry, a Bragg reector or Bragg mirror consists of stacked alternating
layers of two or more materials3. Each interface in the stack contributes a reection
due to the change in refractive index. At certain wavelengths (which depend on the
stack design) these reections will interfere constructively and a peak in reection will
be observed, corresponding to a trough in the transmission spectrum.
This section describes some of the basic principles of Bragg reection, along with dis-
cussion of more advanced geometries. More detailed derivations of some equations have
been given in appendix B. Equations have been derived assuming that any absorption is
negligible, which is believed to be the case for examples of PLD-grown Bragg reectors
described later in this thesis.
A program to model the reection/transmission response of quarter-wave and  shifted
Bragg stacks has been created by Michalis Zervas of the ORC, University of Southamp-
ton. A owchart of the operation of this program has also been included in appendix
B.
3.5.1 Quarter-wave
One of the simplest Bragg reectors geometries is the quarter-wave stack, an example
reection spectrum of which is shown in gure 3.12. This consists of a series of layers
3Channel and bre Bragg gratings may also be created, usually by UV writing of photosensitive glass;
however, these have not been discussed.42 Chapter 3 Theory
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Figure 3.12: Concept diagram (a) and example spectrum (b) of a quarter-wave Bragg
stack
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Figure 3.13: A fraction of the incident beam will be reected at each interface in the
stack, with an additional  phase shift when going from n1 to n2 (assuming n1 < n2).
of alternating refractive index n but dierent physical thickness d, such that each layer
has an optical thickness (i.e. nd) of =4, where  is the peak reection wavelength.
The reasoning for this is illustrated in gure 3.13. Some fraction of the incident beam
will be reected at each interface in the stack (Fresnel reections). The dierence in
phase of the reected waves is given by  where (assuming an incident angle of 0):
 =

2


2nd (3.9)
For two reections from adjacent interfaces to interfere constructively,  equals a multiple
of 2. An additional  phase shift occurs when the ray is reected from an interface
where n1 < n2. As a result:
q2 =
4nd

+  (3.10a)
nd =
m
4
(3.10b)
where m is an odd integer. Side band peaks can also be observed, corresponding to
constructive interference between reections from non-adjacent layers (i.e. where pathChapter 3 Theory 43
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Figure 3.14: Diagram to derive the change in peak reection wavelength with chang-
ing incident angle
dierence is an integer multiple of d 6= 2).
The eect on the peak wavelength of changing incident angle can be understood by
considering the system geometrically (see gure 3.14). The path dierence for waves
reected from interfaces 1 and 2 is given by ABC  AD, which, as previously, should be
equal to m for constructive interference to occur. Considering the system geometrically
and invoking Snell's Law:
n1 sin1 = n2 sin2 (3.11)
we obtain the relation:
m = ABC   AD =
2d2n2
cos2
  2d2n2 tan2 sin2 (3.12)
which with some manipulation gives:
m = 2d2n2 cos2 (3.13)
It can hence be seen clearly that tilting a stack will decrease the peak reection wave-
length, with a maximum reection wavelength being obtained when the incident light is
perpendicular to the stack face.
The total reectance R of a quarter-wave stack with an odd number of layers and high
index top and bottom layers is given by:
R =

1   Y
1 + Y
2
=
2
6
4
1  
n
2p+2
H
n
2p
L nsub
1 +
n
2p+2
H
n
2p
L nsub
3
7
5
2
(3.14)
where Y is the admittance of the structure, nH, nL and nsub are the refractive indices
of the high index layers, low index layers and substrate respectively and 2p + 1 is the44 Chapter 3 Theory
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Figure 3.15: Concept diagram (a) and example spectrum (b) of a  shifted Bragg
stack
number of layers (derivation in appendix B). Assuming nH > nL and 2p + 1 is large
then the transmission T = 1   R can be approximated as:
T = 4

nL
nH
2p 
nsub
n2
H

(3.15)
i.e. the peak transmission can be reduced (and hence the reectance increased) by
increasing the number of layers and/or the refractive index contrast between the layers.
The width of the high reection zone can also be increased by increasing the index
contrast. This is also described in greater detail in appendix B.
3.5.2  shifted
A  shifted structure has the characteristic reection spectrum shown in gure 3.15(b),
i.e. a reection peak similar to that of a quarter-wave structure but with a sharp dip in
the centre. It consists of two quarter-wave stacks separated by a spacer layer of thickness
=2n, and can be considered as a Fabry-Perot etalon.
The dierence in phase  between two waves, one of which passes straight through and
the other of which is reected twice within the cavity (spacer layer), is given by:
 =
4nd

(3.16)
The peak transmission through the structure will occur where waves interfere construc-
tively, i.e. where =2 = m (hence \ shifted") and:Chapter 3 Theory 45
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les (b) Example spectra comparing quarter-wave (red)
and apodised (blue) Bragg stacks [163]
Figure 3.16: Grating strength prole and example spectrum of a Gaussian apodised
grating
nd = m

2
(3.17)
where m is an integer.
3.5.3 Apodisation
As can be seen in gure 3.12, as well as the main reection peak a quarter-wave Bragg
grating spectrum exhibits a number of side lobes or bands. To remove these side bands
and allow the grating to reect only within a desired reection band (e.g. for sensing,
ltering), gratings can be apodised i.e. the optical thickness of the layers can be varied
as a function of position in the grating. Gratings may be chirped-apodised (physical
layer thickness variation), grating strength-apodised (refractive index prole variation,
see gure 3.16(a)) or a combination of the two. The Gaussian-apodised grating prole
(i.e. of the form ex2=c2
) is one common example, and is the form used to generate the
spectrum illustrated in gure 3.16(b) [163].
A good approximation of the shape of a grating's response can be gained by taking the
Fourier transform of the grating's structure [134]. A quarter-wave stack has a top hat
form and the transform is a sinc function (i.e. central peak with side lobes); if the grating
has a Gaussian apodised structure, however, the response will also be a Gaussian (i.e.
no side lobes). For a deeper understanding of stack behaviour as a result of apodisation,
the characteristic matrix of the stack should be evaluated by computer (see appendix
B).46 Chapter 3 Theory
3.6 Conclusions
An overview of PLD theory has been presented. Emphasis has been placed on the in-
terconnectedness of variables and the subsequent need for experimental verication of
conditions, rather than modelling from rst principles. Some of the potential barriers
to achieving high quality crystal growth have been discussed, including particulate pro-
duction and limitations to thick lm growth. Aspects of waveguide, laser and Bragg
reector theory have been considered, with details of operation and design requirements
of such devices described. Knowledge of basic PLD concepts, as well as the devices the
technique can be used to fabricate, is invaluable in going forward to choose and design
the experimental and analytical methods detailed in chapter 4.Chapter 4
Experimental and analytical
methods
4.1 Introduction
This chapter describes the equipment and techniques employed to fabricate and analyse
the samples presented in this thesis. Overviews of single- and multi-beam PLD are
presented, as well as other experimental techniques including the shutter technique used
to grow sophisticated multilayers. Methods of material and structure analysis are also
discussed, along with the ion probe setup used to directly analyse ablation plumes.
4.2 Pulsed Laser Deposition
4.2.1 Single-beam PLD
Apparatus used for conventional PLD is illustrated in gure 4.1. It is designated Cham-
ber 1 for the purposes of this thesis. Features of the set-up are listed below:
 A single pulsed UV laser is incident upon a rotating target;
 Target rotation is driven via an oset cam assembly, providing an epitrochoidal
(\spirograph") ablation path and hence ecient use of the target surface;
 A background gas, typically O2, is used to modify plume dynamics and/or control
lm stoichiometry;
 Substrates are heated via a CO2 laser. The beam is incident upon a ZnSe tetraprism
(see section 4.2.4) to generate a homogenised, square prole;
4748 Chapter 4 Experimental and analytical methods
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Figure 4.1: Diagram of single beam conventional PLD set-up.
 Laser spot size (and hence uence and plume divergence) is varied by moving the
position of the focussing lens and/or changing the lens used (dierent focal lengths
result in dierent values of magnication);
 Substrates are held inside a metal holder at opposite corners using two notched
cylindrical ceramic posts;
 Target-substrate distance may be varied;
 Targets are preferably single-crystal. Dense sintered targets may also be used if
aordable single-crystals cannot be obtained; however, target reconditioning can
be problematic (see section 4.2.5);
 A two stage vacuum system is used (turbo pump backed by roughing pump);
 The substrate can be shielded using a metal blocker.
4.2.2 Multi-beam PLD
Apparatus used for combinatorial PLD is illustrated in gure 4.2, designated Chamber 2.
Many features are shared with the single-beam PLD setup described above. However,
there are a number of fundamental dierences:
 This set-up has the capacity to ablate up to three targets with up to four lasers
simultaneously, although for all experiments detailed in this thesis only two targets
and lasers were used (as illustrated);
 The substrate may be rotated while simultaneously heated;Chapter 4 Experimental and analytical methods 49
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Figure 4.2: Diagram of multi-beam combinatorial PLD set-up, including mechanical
blockers (see section 4.3.1).
 Laser-target angle of incidence may be varied over a range of 8 (for the target
conguration used for experiments in this thesis). This angle may be kept constant,
or alternatively targets can be tilted continuously to scan the plume across the
substrate. While this can result in an increase in the number of particulates (a
consequence of ablating ridges or splashed areas, as detailed in section 4.2.5, tilting
allows control over lm thickness prole (e.g. to obtain at lm growth) and more
ecient use of the target surface;
 CO2 laser heating is achieved by raster scanning the beam across the back of the
substrate, allowing a number of shapes and sizes of substrate to be heated (see
section 4.2.4);
 Control of all components apart from substrate heating and roughing pump is
controlled via a computer rig. Parameters can nominally be programmed, although
in practice only continuous target tilting was achieved automatically.
4.2.3 Lasers
Two UV ablating laser systems have been employed in the experiments detailed in this
thesis: frequency-quadrupled Nd:YAG and excimer.
The Nd3+:YAG-based laser systems used throughout experiments detailed in this report
(Continuum Surelite II) are ashlamp-pumped, operating with a repetition rate of 10 Hz
with pulse durations of 5 ns and typical energies of up to 100 mJ per pulse. Fundamen-
tal emission occurs at 1064 nm, but this is frequency quadrupled via non-linear crystals
to generate emission at 266 nm.50 Chapter 4 Experimental and analytical methods
Nd:YAG systems do not require the use of toxic halogen gases, and are cheaper than
excimer lasers1. There are, however, three main drawbacks when compared to excimer
systems:
1. While many materials absorb well at 266 nm, some do not, including yttrium-
based garnets such as YAG. Fluence must therefore be increased to reduce droplet
formation, which, as a smaller spot size results in a larger angular distribution of
the plume, leads to low growth rates (<1m per hour).
2. Beam output should be as uniform as possible. Nd:YAG crystals can, however,
suer from thermal eects and defects that aect output quality. These lead to
hotspots of much higher uence, particularly after two harmonic generation steps.
As such, plumes resulting from Nd:YAG laser ablation may include higher kinetic
energy components compared to top-hat excimer beams, potentially resulting in
greater changes in stoichiometry relative to bulk, increased particulate production
and target damage.
3. UV emission requires precise tuning of non-linear crystals. This tuning can drift
over time due to changes in temperature or humidity, leading to a drop in perfor-
mance and small changes in beam prole.
Excimer lasers are generally accepted as the preferred system for standard PLD [40].
These emit directly in the UV, have a nearly uniform rectangular output and are capable
of achieving pulse energies of 400 mJ or more even at repetition rates of 10 Hz or higher.
The system used for experiments detailed in this thesis is a Coherent COMPexPro
102. It is capable of operation at 193 nm and 248 nm, utilising ArF and KrF gas
mixtures respectively, although only 248 nm radiation has been used for experiments
described here. The maximum repetition rate available is 20 Hz and the maximum
energy per pulse is 480 mJ (maximum voltage, new gas rell). It is not advised to
operate the laser continuously at maximum voltage; generally, pulsed energies used are
between 300 and 380 mJ. Pulse energy obtained for a given voltage reduces over time as
halogen concentration decreases due to the reactive halogen forming stable compounds,
necessitating a gas change every few weeks.
4.2.4 Substrate heating
Various approaches may be taken to heat a substrate. These may utilise conduction,
via metal plates, foils or laments bonded directly to the substrate, or radiation, via
sources including quartz lamps [164]. These methods can, however, have signicant
disadvantages:
1Considering base cost only: excimer lasers generally have a higher \energy per pound" ratioChapter 4 Experimental and analytical methods 51
 Temperature uniformity can be dicult to achieve;
 Methods such as lament heating may not be suitable for high temperatures
(>600 C), due to oxidising and burn out;
 Radiative methods in particular may not be highly directional, leading to inecient
performance and heating of the chamber walls;
 Outgassing, either of heating elements or chamber walls, can lead to lm contam-
ination.
To combat these problems, a 30W Synrad CO2 laser of wavelength 10.6 m was used for
substrate heating in all cases described in this thesis. This method is very directional
and allows high substrate temperatures to be achieved without signicant heating of the
chamber. Temperature uniformity is not an intrinsic feature of this method due to the
laser's Gaussian beam prole; however, two approaches have been taken to remedy this,
which are described below.
4.2.4.1 Tetra-prism
A relatively at-top beam prole may be obtained using the concept of beam folding.
A CO2 beam is passed through a ZnSe pyramidal prism (tetra-prism) [165], dividing
the beam into sections and subsequently overlapping them to transform the prole from
circular Gaussian to approximately square top hat (see gure 4.3). Although the overlap
of beam sections leads to interference, the presence of fringes does not signicantly aect
the performance of the tetra-prism. The diusing nature of the substrate allows slight
heat variations on the back surface, caused by intensity modulations, to be smoothed
out on the front.
The angles of the prism facets are determined by experimental parameters such as work-
ing distance and substrate size, and hence the system is not easily adapted to other
congurations. However, the tetra-prism is relatively inexpensive, and gives a minimum
theoretical standard deviation over the surface of 2.2 K, comparing favourably with min-
imum values obtained for an untransformed Gaussian beam and square-tapered beam
pipe (43 K and 7.2 K respectively [143]).
4.2.4.2 Raster scanning
A more complex but more versatile system utilises a computer-controlled, two-axis mir-
ror scanner to raster scan the beam across the back surface of the substrate. Precise
control over dwell time at each point allows compensation for any dierences in temper-
ature over the substrate area, and because hardware design is not conguration-specic,
the system is adaptable for dierent substrates and working distances.52 Chapter 4 Experimental and analytical methods
Figure 4.3: Diagrams of (a) tetraprism and (b) transformation of beam prole from
Gaussian to approximate square top hat [165].
4.2.4.3 Temperature calibration
One may expect the temperature of the substrate to follow that of a grey body, allowing
the temperature to be determined from the emitted power by the Stefan-Boltzmann law:
PE = AT4 (4.1)
where PE is power emitted (which in a steady state is equal to the power absorbed), A
is surface area,  is emissivity and  is the Stefan-Boltzmann constant. This relation is
complicated, however, by the fact that the emissivity of both the substrate and the lm
are dependent on wavelength, temperature and surface topography. Temperature cannot
therefore be assumed to be directly proportional to P
1
4
E over the whole temperature range.
Accurate measurement of substrate temperature is, however, somewhat dicult. Di-
rect contact methods are not appropriate due to heat sinking through the measure-
ment probe, and indirect methods (e.g. pyrometry) are inaccurate due to the unknown
wavelength-dependent emissivity of both the substrate and the growing lm. Given that
temperature values can be estimated only, a cheap and simple method of converting CO2
laser power to estimated growth temperature was used:
1. Metal foils of known melting points were balanced on a YAG substrate. Laser
power was increased until the metals melted, giving an indication of substrate
temperature. These temperature estimates were then plotted against power ab-
sorbed by the substrate2.
2This investigation was carried out by Tim May-SmithChapter 4 Experimental and analytical methods 53
2. The variation in laser power absorbed by the substrate with nominal CO2 output
(% on dial) was found by measuring transmitted laser power with and without a
YAG substrate for dierent laser power percentage points.
The temperature of a substrate may therefore be estimated by calculating the power
absorbed for the nominal CO2 value (via the rst plot) and converting this into tem-
perature (via the second plot). The advantage of this two step method is that it allows
substrate temperature estimates to be obtained regardless of the specic heating method
employed and without assuming emissivity values. It does provide only rough surface
temperature estimates. By comparison with growth conditions as reported by other
groups, temperatures are assumed to be correct to within 50 C. In the context of
the experiments in this thesis, however, absolute temperature measurements are not
required as long as temperature values are repeatable.
4.2.5 Particulate minimisation
As described in section 3.2.6, careful choice of deposition parameters, particularly uence
and ambient gas pressure, can go some way to minimising particulates. In addition,
single-crystal target surfaces can be reconditioned (lapped) after some hours of ablation
(time depends on the target and the conditions used) to remove any surface structuring.
After thorough cleaning, targets are subjected to some minutes ablation before the
deposition begins, with the substrate covered. This removes the rough lapped surface,
ablation of which would result in a lm with many particulates, leaving a relatively
smooth surface for subsequent ablation.
While lapping is an eective tool for reconditioning single-crystal targets, reconditioning
of sintered targets has proven more problematic. While surface features can be easily
removed, lapping powder abrasive particles can become stuck in target voids. Such
particles cannot be removed by ultrasonic cleaning, but are released when the target is
ablated, leading to an extremely large number of particulates. As yet, a solution to this
problem has not been found, and hence sintered targets have not been reused.
4.3 Other experimental techniques
4.3.1 Beam shutters
Mechanical beam shutters are used to physically block the ablating beams, reducing the
eective repetition rates of one or more lasers. The specic shutters used in the context
of this thesis are Laser 2000 SH-10 Laser Safety Shutters (illustrated in gure 4.4), which
consist of a 0.25 mm thick anodised aluminium ag mounted on a rotary solenoid. The54 Chapter 4 Experimental and analytical methods
Figure 4.4: In situ photograph of Laser 2000 SH-10 Laser Safety Shutter. Damage to
the ag from repeated irradiation by an Nd:YAG laser can be observed.
DC supply
TTL input
Common
Shutter
coil
High = closed
Low = open
Figure 4.5: Drive circuit for Laser 2000 SH-10 Laser Safety Shutter, 12V AC supply.
blade can be removed or replaced if damaged or if a larger ag is required. The shutter
body is held inside a 25 mm diameter lens mount, allowing for ease of access and setup
changes whilst requiring no additional components. With lengthy use at high repetition
rates, shutters with larger ags (e.g. for excimer laser) can become slightly loose due to
the vigorous movement of the ag. In such cases it is hence important to tighten the
mount when required, to ensure that the ag will still block the beam.
When the shutter is powered, the ag moves to the \open" position and is held there
until the power is removed. Each shutter is connected to the circuit illustrated in
gure 4.5 to allow control of the shutter position via a TTL input signal, in this case
provided by a Thorlabs SC10 shutter controller. The shutter controllers have a number of
available settings (dened number of repetitions, a single open-close movement, manual
control etc.) and may be triggered internally or externally via a separate TTL signal
source. Open and closed timings are set separately to millisecond precision, although
the mechanical response of the shutters limits the practically available repetition rate.
Minimum response times (open or closed) were 0.2 and 0.3 seconds for Nd:YAG and
excimer-line shutters respectively. Modes may be set and times adjusted manually by the
controller unit front panel, or automatically by PC via an RS-232 serial port connection.
Sophisticated control is given via a set of LabVIEW Virtual Instruments (subroutines).
By incorporating these into a LabVIEW program, it is in theory possible to create a
program to grow any arbitrary grading prole or lattice structure, assuming it lies within
the shutters' mechanical capabilities. A simple program to create alternating distinct
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of multilayer stacks described in chapters 5 and 6. A number of programs have also been
written to achieve linear or polynomial grading in depth; however, samples have not yet
been grown using such programs.
4.3.2 Cleaning
As cleanliness of as-supplied substrates cannot be guaranteed, substrates should be
cleaned before deposition to remove any contaminants. Similarly, care should be taken
to remove grease from lms subjected to XRD before any deposition of subsequent
layers. Substrates/samples are initially placed in a beaker of acetone in an ultrasonic
bath (40 C) for twenty minutes, then rinsed with isopropanol and de-ionised water.
Finally, substrates/samples are dried with a nitrogen gas jet.
Films and targets that have been lapped or polished are subjected to additional cleaning
steps. Objects are soaked in non-solvent cleaning uid (Ecoclear) overnight then placed
in an ultrasonic bath (40 C) for twenty minutes. Other solvent cleaning steps follow as
described above.
4.3.3 End polishing
End faces of lms designed for waveguiding and lasing (e.g. channels described in chapter
7) must be polished to an optical nish before investigation of optical parameters can
occur. Samples are attached with wax to a metal block which is then mounted on a
jig. The jig is held face down on a rotating circular plate, onto which polishing uid or
grit mixed with DI water (for lapping) is fed. Multiple samples can be stacked together
and polished at the same time. Packing pieces (usually blank substrates) are placed at
either side of each stack or sample to prevent damage to lm corners.
Samples are initially lapped with 600 grit silicon carbide (average particle diameter 16
m) to achieve approximately the same atness for all samples and packing pieces. This
grit is also used to recondition target surfaces. Further lapping takes place in stages
with 9 m, 3 m and nally 1 m diameter aluminium oxide powder, to remove any
scratches from the previous stage. A high-quality, optical grade nish is achieved by
polishing with SF1 alkaline colloidal silica polishing uid. As opposed to the lapping
stages, which are purely mechanical, polishing is both an abrasive and chemical process.
End faces must be polished parallel in order to achieve lasing. Once one face is polished,
the mounting block is rotated (samples remain attached) to allow the polished face to
be used as a reference mirror in an autocollimator (see gure 4.6).56 Chapter 4 Experimental and analytical methods
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Figure 4.6: Diagram of autocollimator operation as used to ensure parallelism of
polished end faces: (a) mark laser position with a reference at (b) use the already-
polished sample surface as a reference and adjust drive ring plane screws until laser
position matches the position measured in step (a).
4.4 Surface analysis
4.4.1 Microscopy
Films that have non-bulk stoichiometry, large numbers of particulates or have been
grown at non-optimal temperatures may appear frosted, opaque or even cracked on
visual inspection. Optical microscopy can be used to further analyse the extent of
cracking or aking, as well as provide some information about the extent and size of
particulates (although pores and particulates can be dicult to distinguish).
Scanning electron microscopy (SEM) allows a closer examination of lm surfaces. A
beam of electrons is incident upon the sample. Interactions between these electrons
and the sample lead to the emission of secondary electrons via inelastic scattering.
The strength of detected signal depends on the number of electrons collected, which
is determined by the angle of incidence of the beam onto the sample. The variation
in signal with position will hence depend on the surface topography, and so when the
beam is raster scanned across the area of interest, an image of that surface is produced.
Electrons produced via elastic scattering (\back scatter") are also of interest: the signal
strength is strongly dependent upon the atomic number of the interacting element, and
hence may be used to identify areas of dierent composition.
Conventional SEM can be slightly destructive, as it requires the sample to be coated
with a conductor (usually gold) to prevent the accumulation of charge on the sample
surface. The environmental SEM removes this requirement. Instead, a relatively high
pressure is maintained around the sample which, due to ionisation of the gas by the
incident electron beam, allows charge to be transported away from the sample surface.
A di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itself. Environmental SEM was used for all the examples of SEM described in this thesis
and the instrument was a Zeiss EVO-50.
4.4.2 Surface proling
A surface proler is used to determine surface curvature and quality. Bare areas exist in
the two opposite corners where the substrate has been shielded by the holder posts. Film
thickness and curvature values can hence be estimated by scanning across the sample
from corner to corner, although lm curvature can be dicult to resolve if substrate
curvature is high. More accurate values will be obtained if substrate curvature has
been measured before deposition as a reference measurement. Two surface proling
approaches have been used in this thesis: stylus and optical proling.
4.4.2.1 Stylus proler
This proler consists of a stylus on the end of a cantilever, the point of which rests on the
sample. The sample is moved and the vertical movement of the stylus measured. The
cantilever is extremely sensitive, allowing changes in prole of the order of Angstroms
to be measured. There is, however, a limitation in the horizontal resolution, due to
the sloping sides of the stylus. The instrument used for all stylus prole measurements
described in this thesis is a KLA Tencor P-6.
4.4.2.2 Optical proler
The optical proler is an interference microscope consisting of three white light interfer-
ometers (5x, 10x and 50x resolution) in two geometries (see gure 4.7). The proler mea-
sures the intensity of fringes while head height is scanned vertically, and sophisticated
signal processing algorithms are applied to create a 3D image of surface morphology.
The system is theoretically capable of sub-nanometre resolution, although vibration and
air currents reduce resolution to a few nanometres in the practical system. Because a
3D image is measured, information about particulates and pores can be obtained. Au-
tomatic particulate counting was achieved using the Image Metrology Scanning Probe
Image Processor (SPIP) software package, and the instrument used for all measurements
described in this thesis was a Zemetrics ZeScope.58 Chapter 4 Experimental and analytical methods
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Figure 4.7: Diagrams of the white light interferometers used for optical surface pro-
ling (Zescope).
4.5 Crystallinity, structure and composition analysis
4.5.1 X-ray diraction
X-ray diraction (XRD) is a non-destructive, rapid method of determining crystal struc-
ture. The X-ray diractometer consists of an X-ray source and detector which rotate
about a stationary holder, resulting in a spectrum of X-ray counts against twice the
incident angle 2. This spectrum may be compared against database values to give in-
formation about crystal structure and orientation. Unless otherwise indicated, a Siemens
D5000 powder X-ray diractometer was used to obtain results described in this thesis.
Defects in the crystal result in slightly varied values of plane separation d (see below),
and hence will result in broadening and/or shifting of the 2 peaks. A peak shift relative
to the textbook value indicates a uniform change in lattice spacing, and hence may be
evidence of non-standard stoichiometry. Instrument factors, crystallite size and non-
uniform strain all contribute to peak broadening. It can be dicult to separate the
contribution of each eect; however, some qualitative understanding can be gained by
comparing the peak FWHM of a lm with that of the underlying substrate (assumed to
be \perfect" crystal).
4.5.1.1 Stacked planes model
An intuitive understanding of how XRD peaks arise can be gained by viewing a crystal
as a series of radiation scatterers (such as atoms) arranged in planes. If these planes are
separated by a distance d, scattered X-rays will constructively interfere only when theChapter 4 Experimental and analytical methods 59
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Figure 4.8: A basic understanding of XRD can be obtained by considering a crystal
as a series of planes (see Equation 4.2.
p planes
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Figure 4.9: Diagrams of (a) (400) (between p-planes and/or q-planes) and (b) (800)
diraction (between p- and q-planes) diraction
Bragg condition (Equation 4.2) is met:
2dsin = m (4.2)
where d is the spacing between planes,  is the incident angle, m is an integer (the order
of the diraction peak) and  is the wavelength of the incident X-rays (see gure 4.8).
A unit cell of garnet crystal (general formula A3B2C3O12) can be considered as consisting
of eight crystal planes, two types alternating. The rst type (p-plane) has four A lattice
sites, four B lattice sites and four C lattice sites per unit cell, whereas the second type
(q-plane) has only two A sites and two C sites. (400) diraction is dened by the spacing
between similar planes (p-planes with p-planes, q-planes with q-planes), although the
contribution of the denser p-planes is likely to dominate. By contrast (800) diraction is
dened by spacing between p- and q-planes, and hence is more sensitive to any changes
in stoichiometry. Is it therefore expected that the (800) diraction peak will be shorter
and broader than in (400) cases. (400) and (800) diraction is illustrated in gures
4.9(a) and 4.9(b) respectively.60 Chapter 4 Experimental and analytical methods
4.5.1.2 Superlattice characterisation
While it is possible to understand some aspects of X-ray diraction by considering a
crystal as a series of planes, a fuller understanding requires consideration of scattering
from each atom in a crystal. This is of particular relevance when dealing with multilayer
structures exhibiting both short- and long-range periodicities: superlattices.
Two approaches may be taken, both of which consider the sum of the scattering contri-
butions from each atom in the crystal. Dynamical theory provides the most complete
picture by taking into account such eects as secondary reections and interaction be-
tween X-rays. These are ignored in kinematical theory; however, even this approximation
can provide a good description of peak positions and intensities, and given its relative
simplicity is generally the approach used when tting models to data.
To model scattering from a crystal, one must have knowledge of the position vector of
each atom within each unit cell, as well as the level of scattering (the scattering factor)
from a single atom of that type. This does not present an insurmountable challenge
for simple materials, e.g. metallic lattices [166]. However, modelling the scattering
from a complex oxide system where the level of diusion, stresses, dislocations and
stoichiometry are not known is much more complex and time consuming. As such,
modelling from rst principles has not been attempted in this thesis.
Rather than predicting results directly from theory, the approach usually taken is one
of tting a model to data obtained to gain system parameters. A web-based dynamical
X-ray simulation program GID sl [167], for example, was used to t a model to XRD
data in section 5.3 to obtain information about layer thickness and strain. Ishibashi et
al [99] provide an example of the inuence of dierent crystal and structure parameters
and tting approaches on the accuracy of the t.
Some basic parameters can be obtained relatively simply by taking values directly from
XRD spectra:
 Superlattice period Dierence in 2 position of satellite peaks gives superlattice
period P by modied Bragg law [94]:
P =

2(sinn+1   sinn)
(4.3)
 Flatness of surfaces Pendell osung fringes are a result of interference between
front and back surfaces, and hence their presence gives an indication of the angle
of the top surface of the crystal layers relative to the back/substrate.
 Layer quality As usual with XRD, peak broadening is an indication of crystal
quality. A higher number of visible satellite peaks also suggests sharper bound-
aries/less di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widths of satellite peaks may also be compared to that of the central diraction
peak to give an indication of the thickness variation.
4.5.1.3 Growth rate measurements
It is possible to use superlattice period as a measure of growth rates. Equation 4.3 gives
the period of a superlattice, and hence the average layer thickness for a given number
of shots of growth. It is hence possible, by taking values from two superlattices of the
same materials, to obtain growth rate values much more accurate than those found by
surface proling (where curvature of the substrate can be a signicant problem).
4.5.2 X-ray reectometry
X-ray reectometry (XRR) was used to gain layer thickness and roughness values for
superlattice samples (see section 5.3). Unlike XRD, XRR does not give information
about material crystallinity and can hence be used to analyse amorphous and liquid
samples as well as crystal, providing lms are limited to some hundreds of nanometres.
X-rays irradiate a sample at grazing incidence (between 0 and 5) and the reected
intensity is measured. At incident angles less than a critical angle c (below 0.3 for
most materials [168]) the beam is totally reected. c is dependent upon the material's
refractive index and hence density, and therefore can, if known, be used to determine
the material density. At angles larger than c, reections are obtained from the top
and bottom of the lm (or each interface within a multilayer structure) that interfere
to form peaks. Surface or interface roughness gives rise to greater scattering, reducing
the intensity of the reected beam. Fitting of reectometry data, particularly peak
positions and intensity drop-o, can hence provide information about layer thickness
and roughness, often to within a few angstroms.
For all samples detailed in this thesis, measurements and analysis were carried out by
Steven Huband and David Walker at the University of Warwick, with data tted using
the Panalytical reectivity software.
4.5.3 Energy dispersive X-ray analysis
Energy dispersive X-ray analysis (EDX) is used to determine elemental composition of
a small, tear-drop shaped interaction volume below a sample surface. A high energy
electron incident upon a sample may excite an electron in an atom's inner shell, ejecting
it from that shell and creating a hole. An upper level electron will then fall down to ll
the hole, emitting an X-ray whose energy will be equal to the gap between the upper
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interactions, and hence a number of dierent energy values may be measured. Because
the energy gaps between shells are dened by the particular structure of an atom, the
pattern of energies of the collected X-rays indicates the elements present in a sample.
The intensity of the peaks gives an indication of the relative abundance of each element.
Various factors will aect the accuracy of EDX:
 Broad peaks can be formed by the overlap of energy peaks from dierent elements,
making individual peaks dicult to discern;
 Lower energy X-rays can be absorbed by the detector window (this will particularly
aect lighter elements with fewer shells and hence fewer and lower-energy peaks);
 Analysis is limited to a depth of up to 2 m below the surface, and hence may
not be representative of the entire sample.
These sources of error may prevent accurate abundance values of light (e.g. oxygen)
or scarce elements being obtained. As a result, oxygen is assumed to be stoichiometric
in cases described in this thesis, unless stated otherwise. Unlike many other elemental
analysis techniques, however, EDX is straightforward and non-destructive. Steps can
be taken to assess the extent of errors, for example by statistically analysing multiple
readings and calibrating to standards of known composition.
EDX is undertaken in conjunction with SEM, using the same beam of electrons. The
system used for all composition measurements was an Oxford Inca PentaFet-x3 EDX
analyser.
4.6 Ion probe analysis
Analysis of plasma plumes was carried out using a planar Langmuir probe (see gure
4.10). The probe consists of a copper plate (copper-faced board) connected to a simple
circuit (Koopman circuit), illustrated in gure 4.11. The conducting area is surrounded
by insulating epoxy and is held within a metal collar. The probe is immersed in the
plume with the conducting surface normal to the direction of plasma ow, and the voltage
change with time (ion time-of-ight (TOF)) is measured on an oscilloscope. The probe
bias can be positive or negative, to collect electrons or ions respectively, and capacitors
are included to prevent charge saturation. The measured voltage drop across the load
resistor is used to compute to the collected current I, which is itself proportional to the
ion density and velocity of the plasma by the relation:
I = evAn (4.4)Chapter 4 Experimental and analytical methods 63
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Figure 4.10: Schematic of planar Langmuir probe.
 
 
 
 
 
 
 
 
 
 
 
R1
R2
22 kΩ
39 Ω
Oscilloscope
Probe
C2
0.66 μF
D
C
 
v
o
l
t
a
g
e
 
s
u
p
p
l
y
C1
0.66 μF
Figure 4.11: A typical Koopman circuit, showing component values used in ion probe
experiments detailed in section 5.2.
where e is the charge on the electron, v is the plasma ow velocity, A is the probe area
and n is the ion density. It should be noted that this holds for singly charged ions only,
and only in cases where the bias voltage is negative enough to prevent electrons in the
plasma from reaching the probe.
Due to the high plasma densities in a PLD plume, charged components of the plume
are shielded from the probe potential until a certain distance from the conducting area,
given by the Debye length d [149]:
d =

kT
4nee2
 1
2
(4.5)
which for typical values of a plume close to a substrate ' 10m. Ions in the plume
will hence not be inuenced by the probe potential until they are within some tens of
microns from the probe, and so should not signicantly inuence the data measured.
4.7 Conclusions
The experimental setups for conventional and multi-beam PLD have both been intro-
duced, along with other experimental techniques used to fabricate the structures and64 Chapter 4 Experimental and analytical methods
materials detailed in this thesis. The shutter technique, developed to allow easy and
automated mixed and multilayer growth, has been presented in detail. A number of
analytical methods have been described, used to describe both the structures and mate-
rials grown and the plasma plumes themselves. All of the techniques, experimental and
analytical, have been used to obtain the results presented in the subsequent chapters of
this thesis.Chapter 5
Development of multi-beam PLD
tools for crystal engineering
5.1 Introduction
Multi-beam PLD has been established as a particulate reduction technique for some
time (see chapter 2); however, the approach has huge potential for crystal and structure
engineering that has not yet been exploited. This chapter describes the investigation and
development of two tools for growth of crystals with designer structures and properties.
The rst of these uses relative plume delay to inuence strain in the lm, while the
second, the shutter technique, uses computer-controlled mechanical blockers to allow
mixed, graded and automated multilayer growth.
The main contributions detailed in this chapter are as follows:
 Determination of the eect of laser plume synchronicity on the structure and com-
position of a crystal lm;
 Design and implementation of the shutter technique for automated mixed, graded
and multilayer crystal growth;
 Growth of simple and chirped crystalline superlattices.
5.2 Plume synchronicity
Whilst combinatorial PLD shows great potential, many new parameters must be tuned
before this potential can be fully exploited. One such parameter is the relative delay
between the laser pulses (the \synchronicity"), and, by extension, the relative delay
between plasma plumes. Results of experiments detailed in this chapter suggest that
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these parameters are indeed signicant, inuencing primarily the stress states of the
crystal and hence lattice constant for certain delay values. While initially investigated
purely to determine the eect, the results of these experiments suggest that relative
plume delay may have the potential to be used as a tool to control lattice constant and
hence also refractive index, as well as illuminating the role of pressure and synchronicity
on lm stress.
5.2.1 Experimental setup
5.2.1.1 Depositions
Depositions were carried out in Chamber 2. Two frequency-quadrupled Nd:YAG lasers
of wavelength 266 nm ablated targets of single-crystal GGG and (Nd,Cr):GSGG. Films
were deposited with an ambient oxygen pressure of 410 2 mbar, and targets were
tilted from 20 to 28 in order to obtain an approximately at thickness prole. Laser
uence was approximately 1 Jcm 2 for both plumes, and target-substrate distance was
maintained at 50 mm for both targets.
Material from the two plumes was deposited onto single-crystal (100) orientated YAG
substrates of size 10101 mm3, producing epitaxially-orientated lms of mixed GGG
and GSGG. Films of pure GGG and GSGG were also grown on YAG substrates for
comparison, using conventional single laser, single target deposition (in Chamber 2). A
substrate temperature of 650 C was maintained, and the substrate was rotated to aid
uniform temperature lm growth and lm thickness.
A Stanford DG535 digital delay generator was used to introduce a discrete delay between
the two laser pulses ranging from 3.2 s to 50 ms for each of the 22 lms investigated
excluding pure GGG and GSGG (i.e. one delay value per lm). The laser ash lamps
were triggered by the output signal from the DG535, with subsequent Q-switching and
laser pulse output occurring around 180 s later, according to each lasers' optimised
internal settings.
A dierence in the optimised Q-switching time of the two lasers was measured using a
photodiode and oscilloscope and was found to be 3.55 s  0.05 s. This dierence was
not taken into account before the lms were deposited, and hence in two cases \dierent"
delays in fact fell within the same error bounds, and in one case the order that plumes
arrived at the substrate (GGG plume rst, GSGG following and vice versa) was the
opposite of that intended. Although this meant that no lms were grown at very small
delays (less than 3.2 s), the presence of multiple lms at one nominal delay value
allowed simple statistical analyses of XRD and EDX errors.
Lattice constant was determined from powder XRD 2 peaks and elemental concentra-
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lm at points around the centre of the sample surface separated by 1 mm, and the
averages taken.
Films were also grown with synchronised plumes, equivalent to a delay of 100 ms due
to the laser repetition rate of 10 Hz. For this case, a single pulse was split from the
DG535 and used to simultaneously trigger the ash lamps of both lasers. A second
pulse was similarly used to trigger the Q-switch of each laser, synchronously to 1 ns.
The dierence in path length (from laser to target surface) was measured as 30 cm,
corresponding to an additional relative delay of 1 ns. It should be noted that cable
lengths, in both the synchronous and asynchronous cases, were equal, and hence should
not account for any unintentional further error in delay measurements. It was also
assumed for both lasers that error in laser response time (i.e. Q-switch to ring time)
was negligible.
5.2.1.2 Ion probe
Further analysis of the plasma plumes themselves was carried out using a Langmuir probe
biased at -30 V. Experiments were conducted at the same deposition ambient oxygen
pressure (4.210 2mbar), and a constant plume-substrate angle of incidence of 23 was
maintained. After around 2 minutes, the probe became coated with deposited non-
conducting oxide material that progressively and substantially reduced the measured
signal strength. Measurements were therefore obtained in groups, each group taking
no more than 60 seconds, after which the probe was taken out of the chamber, the
oxide layer removed with sandpaper and the probe replaced. Ion probe experiments
were carried out in collaboration with James Lunney (Trinity College Dublin), who also
carried out ion ux and inll time calculations.
5.2.2 Results and discussion
Figure 5.1 shows the variation in lm lattice constant normal to the lm plane (as
determined via XRD) with increasing plasma plume delay. Delay values here take into
account the dierence in Q-switching times between the two lasers. Two distinct regions
of lattice constant (A and B) are observed, with a transition region (C) between 150 s
and 1 ms. Although the exact position of this transition region appears to vary slightly
depending on plume order, the same overall trend is observed both in the case of the
GGG plume arriving at the substrate rst (followed by the GSGG plume) and vice
versa. It should be noted that the lattice constant obtained using a delay of 100 ms (i.e.
completely synchronous plumes) shows the same behaviour (within experimental error)
as the lattice constant for a delay of 50 ms (i.e. completely asynchronous).
Figure 5.2 shows the variation in composition with increasing delay, irrespective of plume
order. Oxygen content was assumed to be stoichiometric for this analysis. Additional68 Chapter 5 Development of multi-beam PLD tools for crystal engineering
Figure 5.1: Graph of lm lattice constant for dierent plume delay values.
Figure 5.2: Graph of lm elemental composition for dierent plume delay values,
including data from both plume arrival orders (GGG plume rst, GSGG plume rst).
dopant concentrations were neglected, as the concentrations were too low to be detected
via EDX. Any signicant trend corresponding to the change in lattice constant is not
apparent, as composition does not appear to change signicantly over most of the delay
range. However, a small increase in Gd concentration, corresponding to a decreasing Sc
concentration, is observed for delays below approximately 13 s.Chapter 5 Development of multi-beam PLD tools for crystal engineering 69
Random small uctuations in O2 pressure and laser power, as well as small variations in
temperature due to dierences in heat sinking, can be expected to lead to variation in
crystal quality and lattice constant between dierent lms at the same plume delay. The
eects on lattice constant and composition of both these uctuations and instrument
errors were estimated using the standard error over multiple experiments, i.e. two lms
grown with the same delay. This analysis was carried out for delays of 3.63 s and
100 ms (i.e. synchronous), and the results for lattice constant are illustrated in gure
5.1.
Small variations in elemental composition were also observed across the surface of each
lm, due to the radial distribution of elements within the plumes. Composition values
stated represent the average of three readings per lm obtained at points around the
centre of the sample. Error bounds were computed from the error values given by the
EDX software (based on the element, peak height and denition etc.), although the
resulting error bars were too small to be seen in gure 5.2. These did not, however, take
into account any sample surface roughness, the eect of which could not be quantied.
Ion probe experiments were carried out with the GGG plume following the GSGG plume,
the opposite plume order to the majority of the data presented in gure 5.1. Total ion
ux (proportional to the integrated voltage-TOF curves i.e. gure 5.3) was found to
be only 1% of the deposited cations as estimated from the growth rate. Ion signals
are hence not fully representative of the overall deposition ux; however, overall trends
could be observed and compared with lattice and composition data.
Figure 5.3 shows ion probe signals for both the GSGG and GGG plumes at background
pressures of 4.210 2 mbar (a) and (b), and 1.210 5 mbar (i.e. \vacuum") (c) and
(d). In case (b), the signal shown represents the GGG plume only (i.e. no GSGG
plume in the chamber), to prevent the signal being disrupted by a previous plume. A
sharp spike may be observed before the main pulse, labelled `S' on gures 5.3(a) and
5.3(b). This serves as a zero time marker for measuring ion time-of-ight (TOF), and is
due to electron emission from the probe caused by extreme ultraviolet emission of the
ablation plasma during laser irradiation. In vacuum, each signal shows a single peak,
rising to a maximum at a TOF of 4.4 s after the ablation plasma front reaches the
probe. In gas, the ion signal has two peaks: an attenuated peak around the same TOF
as in vacuum and a second peak around 10 s. This `plume splitting' is a well-known
feature of propagation of laser ablation plumes in a low pressure gas [152]: some plume
ions arrive at the probe without collision with the gas, while the remainder collide and
propagate within a blast wave which arrives at a later time.
Of primary interest is the change in propagation of the second plume as a function of
delay between rst and second laser plumes. Figure 5.4(a) shows the ion signal for both
plumes for a time delay of 16 s and gures 5.4(b-e) show signals for the second plume
only at time delays of 40, 200, 400 and 1600 s respectively. For a 16 s delay, the two70 Chapter 5 Development of multi-beam PLD tools for crystal engineering
Figure 5.3: Ion probe signals for plumes 1 and 2: (a) GSGG plume signal, (b) GGG
plume signal, both at background pressure of 4.210 2 mbar (c) GSGG plume signal,
(d) GGG plume signal, both in `vacuum' (background pressure = 1.210 5 mbar).Chapter 5 Development of multi-beam PLD tools for crystal engineering 71
Figure 5.4: Examples of plume 2 ion probe signals for various delays: (a) 16, (b) 40,
(c) 200, (d) 400, and (e) 1600 s.72 Chapter 5 Development of multi-beam PLD tools for crystal engineering
ion signals are partially overlapped and are similar to the addition of the signals from
single plumes in gas. At 40 s delay (gure 5.4(b)), the signal for the second plume is
similar, but is now separate from the rst plume signal. At a 200 s delay, however, the
signal for the second plume has changed: the rst peak is less attenuated and the second
peak is relatively weaker, appearing as though, in this delay regime, the second plume is
propagating in a lower gas pressure. This eect, i.e. partial vacuum generation by the
rst plume sweeping away gas in front of the target-probe region, has been observed at
higher gas pressure [169]. For delays beyond 400 s, the signal of the second plume is
again similar to that of the plume on its own in gas. It would appear, therefore, that for
long delays the partial vacuum created by the rst plume is relled by gas ow before
the second plume arrives.
The small decrease in lattice constant for delays beyond 200 s coincides with the
change of plume 2 ion signal from more vacuum-like to more gas-like. Ion bombardment
of the growing lm can cause in-plane compressive stress [153] by introducing interstitial
defects (i.e. implantation of high energy ions into the lattice, see section 3.2.3), an eect
also known as \atomic peening" [170]. The compressive stress manifests as a higher
value of lattice constant normal to the lm plane than would otherwise be expected.
The higher value of lattice constant for delays between around 40 and 200 s may
therefore be due to higher energy ion bombardment of the growing lm. For greater
delays, the partial vacuum created by the rst plume will be relled and collisions with
oxygen will slow down a signicant fraction of the ions in the second plume.
At delays of 40 s and below, the plumes appear more gas-like, and hence the same
eect is unlikely to be causing the observed changes in lattice constant. However, the
eect in play at this delay is not yet understood. While the charged parts of the plumes
(detected by ion probe experiments) do not interact at this delay time, it is likely that
some plume overlap is present when slower neutrals and particulates at the tail-end of
plume 1 are considered. However, it is not known how such interaction would induce
an increase in lattice constant, particularly given that a completely mixed lm does not
exhibit the same behaviour. EDX analysis has shown that composition does not change
signicantly for delays between 10 and 40 s; another mechanism must be acting to
increase the lattice constant of the lm in this delay region.
For delays less than 10 s, the arrival of the two ablation plumes at the substrate
is substantially overlapped in time. It is not clear why this overlap should cause the
observed compositional changes (see gure 5.2), although it is clear that lighter, less
well-bound species are being preferentially lost from the lm. It may be that the plumes
are forcing a certain amount of gas into the region near the substrate, and the lightest
of the cations are being preferentially scattered sideways or the least bound species in
the growing lm are desorbed from the surface. Further studies and/or modelling of the
interaction between plumes, crystal nucleation and the impact of plume dynamics on
garnet growth may help to shed some light on the various mechanisms involved.Chapter 5 Development of multi-beam PLD tools for crystal engineering 73
Although not all mechanisms are well understood, in the broader context of minimis-
ing the eect of plume delay on a growing lm in multi-beam PLD geometries two
conclusions can be presented:
 Delay should be suciently long as to avoid plume interaction near the substrate,
 Delay of a following plume should be long enough to allow relling of any partial
vacuum created by the propagation of the earlier plume.
A delay greater than 1 ms is, for example, appropriate for the geometry and materials
used in this experiment if additional stresses are to be avoided. It may also be possible,
however, to use relative plume delay as a tool to tweak stress state/lattice constant of
the lm.
5.3 The shutter technique
5.3.1 Introduction
While it is possible to grow simple multilayer structures by manually blocking laser
pulses, an automated approach is preferred in order to easily fabricate many-layered
stacks, as well as more complicated chirped and apodised structures. The shutter tech-
nique, as outlined in section 4.3.1, was developed in order to meet this demand. Before
growth of practical structures could be undertaken, however, an investigation into the
growth of thin layer structures was carried out, which also served as a practical test of
the shutter technique.
Some degree of mixing between layers in a multilayer system is unavoidable, due to
indiusion, particulates and the potential for island crystal growth. There is hence
a minimum thickness of growth required to obtain distinct layers. An understanding
of the transition from mixed to distinct layers is advantageous in terms of designing
both multilayer and smoothly graded systems, where discrete and mixed layers are pre-
ferred respectively. Preliminary experiments were undertaken to determine this transi-
tion thickness. Following this, chirped superlattices were grown to test the ecacy of
the shutter technique. XRD analysis was undertaken in collaboration with the Depart-
ment of Physics, University of Warwick, and XRD modelling was carried out by Steven
Huband and David Walker of the University of Warwick.
5.3.2 Experimental setup
Depositions were carried out in Chamber 2, with the addition of mechanical shutters
as detailed in section 4.3.1. UV pulses from two frequency quadrupled Nd:YAG lasers74 Chapter 5 Development of multi-beam PLD tools for crystal engineering
were incident upon single-crystal targets of undoped GGG and (2 at.% Nd, 0.5 at.%
Cr):GSGG. Growth rates could not be measured directly, but are known to be approxi-
mately equal for similar spot sizes and uences (see section 5.2). Targets were rotated
and target-substrate distance was maintained at 45 mm. The angle of plume incidence
(i.e. tilt angle) was equal and constant for both targets. Growth was carried out in a
background O2 pressure of 4.010 2 mbar, and substrates were heated to 700 C using
a raster-scanned CO2 laser.
Shutters were operated alternately, allowing bursts of pulses to deposit GGG and GSGG
sequentially on single crystal (100) orientated (YAG) substrates of size 10101 mm.
The opening time for each shutter, and hence the number of shots per burst (i.e. thick-
ness of material deposited), was varied for each sample.
Ten multilayer lms were grown in total, with the numbers of shots per burst ranging
from 5 to 5000 across the range of samples. Total deposition time in all but two cases was
30 minutes, yielding a total lm thickness of 400 nm; the number of layers was hence
dierent for each sample. For the 5000 shot sample, total deposition was 1 hour (800
nm total thickness) and for the 3500 shot sample, total deposition was 47 minutes (600
nm). Single-material lms of both GGG and GSGG were also grown for comparison.
Deposition conditions were the same as those for the multilayer samples, with a total
deposition time in each case of 15 minutes. For samples with 5 to 1000 shots per layer,
a Stanford signal generator programmed by hand was used in place of the PC to trigger
the control boxes; all others used custom LabVIEW programs.
5.3.3 Analysis and simulation
Low resolution X-ray diraction (XRD) was carried out using a Siemens D5000 powder
diractometer using Cu K1 and Cu K2 radiation. High-resolution XRD and X-ray
reectometry (XRR) were carried out using a Panalytical X'Pert Pro Materials Research
diractometer giving pure Cu K1 radiation, and a solid state PiXcel detector. For
high resolution XRD only, the scans were optimized to the (400) Bragg peak of the
YAG substrate. In the low resolution case, peak positions were normalized relative to
the position of the underlying YAG substrate peak after measurements were taken. It
should be noted that the instrumental functions of the two diractometers are dierent,
with low-resolution XRD resulting in spectra with much broader peaks.
XRD scans for the 5 shot to 500 shot cases were simulated using a web-based dy-
namical X-ray simulation program GID sl [167]. Simulations were convoluted with the
instrumental function, with background and noise added after the convolution had been
performed. Inputs to the program included layer thickness and layer strain with respect
to the substrate, quantied as the dierence between the layer and substrate lattice pa-
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Figure 5.5: Examples of x-ray reectivity measurements (black) and simulated t
(red)
to t the positions and heights of the satellite peaks (by tting overall periodicity and
individual layer thicknesses respectively) and position of the 0th order peak respectively.
In this way, the experimental values for each compared sample were approximated. Spec-
tra of the samples with 5 shots and 20 shots per layer consist of an average layer peak
without any satellite peaks. To t the data to these samples the GGG and GSGG layers
were set to have the same lattice constants.
Reectometry measurements were tted using the Panalytical Reectivity software.
Crystal density, layer thickness and roughness were inputs to the program and, as above,
were varied in order to achieve the best t.
5.3.4 Results and discussion
All lms grown were crystalline and optically clear. Although single-crystal growth was
not explicitly veried, the presence of only those peaks exhibited by the substrate in
the XRD spectra of single target lms, and the good match between substrate and lm
peak shapes, suggest that the lms grew in the epitaxial direction. Fitting of XRR data
(examples illustrated in gure 5.5) suggests that GGG and GSGG layers have average
roughnesses of 2.5  A +0.8/-0.4  A and 4  A +2/-3  A respectively, values that compare
well to previously reported garnet multilayer PLD lms [5]. The (400) 2 peak of the
underlying YAG substrate (at 29.74) is clearly seen in all XRD data (see gure 5.6).
XRD scans show three regimes of behavior: single peak, superlattice and multilayer (see
gure 5.6). The samples grown with 5 shots per burst, 500 shots per burst and 5000
shots per burst are examples of each regime respectively. There is also a superlattice-
multilayer transition region, with samples of between 500 and 3500 shots per burst
showing a combination of superlattice and multilayer behavior.
For the single peak cases (5 shots to 50/0.1 to 1 nm thickness of material deposited
per burst), a strong 2 peak around 28.4 is observed. This peak position corresponds76 Chapter 5 Development of multi-beam PLD tools for crystal engineering
roughly to the average of the two component peaks, with the spectra consistent with
those obtained for fully mixed lms (such as those described in section 5.2).
For samples grown with 100 to 1000 shots per burst, satellite peaks can be observed
either side of the main central peak. This is consistent with XRD spectra reported
in the literature for superlattice structures (see section 2.3.3) i.e. a periodic array of
discrete layers. The intensity of the central peak decreases as number of shots per burst
increases from 100 to 1000. From 2500 shots per layer onwards, the central peak is
not observed, satellite peaks become less signicant and the pattern approaches that
of the two component materials. Such a pattern, the two single peaks observed in the
5000 shots per burst case (100 nm per layer), approaches that exhibited by \thick"
multilayers (<1 m per layer) [10, 4].
The presence of satellite peaks in conjunction with a central peak is the result of the
combination of two periodicities: that of the crystal lattice, and the \superperiodicity"
of the superlattice. For layer thicknesses less than a threshold, the crystal can be thought
of as a single crystal with periodic distortions [171]. Greater than this threshold, the
X-rays no longer \see" the superperiodicity, and the crystal can no longer be thought
of as an overall composite; this is the point at which a structure can be dened as a
multilayer structure rather than a superlattice. An example of multilayer diraction
is given by Gazia et al [10]; here, distinct single peaks for each of the layers (2-3 m
thick) were observed. It would appear that for 1000 shots (i.e. around 20 nm), we
begin to approach the transition period from superlattice to multilayer. The central,
averaged peak is greatly reduced in intensity, and satellite peaks approaching the 2
values of the individual components are much more pronounced (particularly the GGG,
understandable as GGG growth rate is slightly higher).
The superlattice period P is given by the modied Bragg law (equation 4.3). The values
obtained for the lms grown are illustrated in table 5.1; average thickness of growth per
shot is estimated to be 0.02 nm. As such, growth of one unit cell in thickness was
achieved per 60 shots. A slight drop in growth rate was observed for the 2500 shots
per layer case, likely due to target damage following extensive ablation. Single-target
2 values were somewhat dierent from literature values: 28.08 for GSGG and 28.60
for GGG, corresponding to lattice parameters of 1.270 and 1.247 nm respectively. This
is thought to be the result of a compositional deciency of gallium, known to occur for
PLD of Ga-containing garnets, as well as residual stress in the lattice.
The central peak positions observed do not correspond exactly to the mid point between
the GGG and GSGG peak positions, due to slight dierences in the growth rates of
GGG and GSGG. Layer thickness values were obtained by tting XRR peaks in the
100, 200 and 1000 shot cases (see gure 5.5), and suggest that the ratio of GSGG to
GGG is approximately 1:1.2. This is not unreasonable, given that growth rates were not
optimized.Chapter 5 Development of multi-beam PLD tools for crystal engineering 77
Figure 5.6: High resolution logarithmic X-ray diraction data (black) and simulation
(red) for structures fabricated via alternating pulse bursts per target. The number of
shots per burst on each target ranges from 5 to 5000 over the range of samples.78 Chapter 5 Development of multi-beam PLD tools for crystal engineering
Measured parameters Simulated parameters
Shots/ Superlattice Growth/ Superlattice Growth/ GGG GSGG
layer period (nm) shot (nm) period (nm) shot (nm) da/a da/a
5 - - 0.22 0.022 0.046 0.046
20 - - 0.98 0.025 0.047 0.047
50 - - 2.18 0.022 0.034 0.058
100 4.2 0.021 4.24 0.021 0.034 0.058
200 8.5 0.021 8.54 0.021 0.035 0.058
500 21 0.021 21.5 0.022 0.039 0.058
1000 41 0.021 - - - -
2500 84 0.017 - - - -
Table 5.1: Period and layer quality of superlattices
The tting of XRD data gives further indication of strain and growth rates (see table 5.1).
Growth per shot values are in good agreement with those measured. Calculated GGG
da/a decreases by around 15% over the 100 to 500 shots cases towards the single-material
value of 0.039, suggesting that strain marginally decreases. This change, along with
the eect of dierent sources of stress in combination has not however been examined
experimentally.
An anomalous XRD 2 peak around 30.5 can be seen in the 50 and 200 shot cases. A
number of overlaying peaks are also observed in the 20 shot case, and peak broadening in
the 50 shot case. The cause of these anomalies has not been determined. However, they
are inconsistent with both modelling and low-resolution XRD, and are hence unlikely to
be due to the overall multilayer structure.
In general, we see evidence of layering in structures where deposition thickness per pulse
burst is 2 nm or more, but mixed-crystal behavior where this thickness is 1 nm or
less, i.e. less than a unit cell. The fact that we see evidence of layering right down to
the unit cell level suggests that the eect of interdiusion is limited (even at substrate
temperatures of 700 C) and any island growth may not be signicant at this scale.
However, some level of atomic interdiusion is expected, as the number of shots per
layer does not correspond to a complete unit cell e.g. in the 100 shots per layer case. It
may be possible to encourage 2D monolayer growth of dierent materials, obtaining even
more distinct layers, by utilising the pulsed laser interval deposition (PLID) approach1
developed by Blank et al [172].
It may, however, be the case that layering is present even at thicknesses below one unit
cell. XRD simulations of the 50 shot case (layer thickness 1 nm) show that this single-
peak pattern would be practically observed even for a layered material; similarly, XRR
simulation suggests that a peak at around 2 incident angle would be expected for a
1A single complete monolayer is deposited in a precise number of shots, following which there is a
delay interval in which no deposition occurs. This allows the lm to organise into a single layer, rather
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layered structure, but such a peak would not be discernable from noise in the current
setup. The garnet crystal structure, containing 8 planes within the unit cell, is complex
enough to allow the possibility of sub-unit cell layering. Similarly, although errors are
relatively large due to diculties in curve tting, roughness values obtained lie below
half a unit cell, and hence roughness is likely not high enough to completely remove
layer denition at this scale.
This potential for layering must be considered in any application where such length
scales are signicant, and in the context of growing \true" multilayer and graded struc-
tures, simultaneous deposition (i.e. maximum of 1 shot alternating) is recommended
if a mixed layer is desired. However, for many of the applications of interest (Bragg
reectors, planar waveguides etc.) it is unlikely that variation on such a small scale
will be signicant. In such cases, thickness grown per pulse burst could practically be
increased to a few unit cells. It should be noted that signicant interdiusion between
garnets (yttrium iron garnet and GGG) has been observed previously for superlattice
growth at substrate temperatures of 750 C and above [5]. While the temperature
above which interdiusion is observed is likely to vary somewhat depending on the ma-
terials, high temperatures may prove a tool for smoothing layers via deliberately induced
interdiusion, assuming that such high temperature growth can still be achieved.
5.3.5 Chirped structures
Having achieved simple multilayer growth, more sophisticated structures were fabricated
as an eective demonstration of the capabilities of the shutter technique.
These samples were grown using the same setup as the simple multilayers, and again
consist of alternating layers of GGG and GSGG. Unlike the simple multilayers, however,
the periodicity of the samples varies across the structure. Each chirped structure can be
considered as a series of multilayers (\sections") grown on top of one another. Periodicity
of a single section is constant (i.e. layers are of approximately equal thickness) but
dierent from that of other sections. Two congurations were grown:
 Structure 1: Simple chirp Thirteen sections, each consisting of a pair of GGG
and GSGG layers. The rst section was grown with pulse bursts of 700 shots on
each target (i.e. 700 shots per layer); the second with 650 shots per burst, the
third with 600 shots per burst and so on in steps of 50, with layers in the nal
sections grown with 100 shots per burst.
 Structure 2: Compensated chirp Consisting of nine sections, the number of
layers in each section was varied as illustrated in gure 5.7, so that each section
was grown using 6000 shots in total. This means that each section has ap-
proximately equal thickness, and hence scatters an equal contribution of X-rays
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Figure 5.7: Diagram showing the number of repetitions of each layer in each com-
ponent superlattice section within the compensated chirped structure. Layers of GGG
and GSGG are represented by black and white areas respectively.
The thickest layers for chirped samples were grown with pulse bursts of 700 shots per
layer, corresponding to 15 nm thick layers. Superlattice XRD pattern behavior is there-
fore expected and indeed, is observed. Low-resolution XRD spectra for both chirped
samples exhibit satellite peaks, and can be considered as a superposition of the indi-
vidual spectra for each of the component superlattice sections (see gure 5.8). In both
cases, structures are crystalline, with the width of central lm peaks matching that of
the substrate. For the compensated chirp structure (sample 2), there is a greater con-
tribution from each of the components, due to their increased thicknesses. This was as
expected, and served as further proof of the potential for control over the design and
growth of more sophisticated structures.
5.4 Conclusions
The relative delay between plasma plumes in PLD was found to have an impact on the
lattice constant of a lm grown by multi-beam PLD. The rst plume sweeps out an area
of gas, leaving a partial vacuum that takes some hundreds of microseconds to inll. In the
case of the materials and conditions used (GGG and GSGG), this characteristic inlling
time was 400 s. If the second plume follows within this time it travels through an
eectively lower deposition pressure, leading to greater ion bombardment of the growing
lm. This results in additional strain in the lm which manifests as a larger lattice
constant. At delays between 10 and 40 s another mechanism not as yet understood
serves to also increase lattice constant. Plume delay may hence be used as a tool to
nely tune the strain/lattice constant in a growing lm.Chapter 5 Development of multi-beam PLD tools for crystal engineering 81
Figure 5.8: Low resolution XRD data for two chirped multilayer structures. Sample
1 (simple chirp) is shown in black, sample 2 (compensated chirp) is in grey.The peak
at 29.74 is that of the underlying YAG substrate.
A second, more versatile tool has also been implemented in the form of the shutter
technique. This comprises mechanical blockers placed in the path of each beam, the
opening and closing times of which are controlled via control boxes or via LabVIEW
programs. Mixed layers, superlattices, multilayers and chirped structures with various
layer thicknesses have been grown to demonstrate the ecacy of the technique. Having
developed and tested the technique for crystalline multilayer growth, the stage has been
set for growth of functional devices in the form of Bragg stacks.82 Chapter 5 Development of multi-beam PLD tools for crystal engineering
xChapter 6
Bragg reectors
6.1 Introduction
Having proven the ecacy of the shutter technique for multilayer growth, functional
devices in the form of Bragg stacks were fabricated. Crystalline Bragg structures have a
range of exciting potential applications: garnet crystals have high melting points (YAG
melts at >1900 C, for example) and high thermal conductivities and damage thresholds
compared to many amorphous materials. Such structures may therefore be suitable for
high temperature sensing applications and custom high-power laser mirror applications,
with multi-beam PLD potentially a powerful, versatile tool for their fabrication.
The main contributions detailed in this chapter are as follows:
 The rst demonstration of growth of Bragg reectors by multi-beam, multi-target
PLD;
 The rst known example of a PLD-grown Bragg reector with more than 45 layers
 The rst known example of grating strength apodisation of crystal Bragg stacks;
 The rst demonstration of the suitability of PLD-grown crystalline Bragg reectors
for high temperature and high power laser applications.
6.2 Experimental setup
6.2.1 Depositions
A number of designs were attempted, with all samples bar the apodised example (see
section 6.5) grown automatically using the custom LabVIEW program mentioned in
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Figure 6.1: Diagrams representing various design of Bragg stack.
chapter 5. Simple quarter-wave Bragg reectors consisted of alternating layers of thick-
ness =4n, where n is the refractive index of the layer (see gure 6.1(a)).  phase-shifted
structures, described in gure 6.1(b), were similar with a central layer of thickness =2n.
A grating strength apodised sample was also grown, the concept of which is illustrated
in gure 6.1(c). Plumes were combined to obtain layers of mixed YAG/GGG in varying
ratios with a custom refractive index. Further details of the apodised design and growth
process are detailed in section 6.5.
All samples described here were composed of YAG and GGG layers grown on single-
crystal YAG substrates of size 10  10  1 mm3, polished on both sides. Rather than
grow each layer under the respective materials' optimum conditions, a compromised
common set of deposition conditions was chosen for ease of fabrication and to allow
mixed layer growth for grating strength apodisation. Substrates were heated via CO2
laser to temperatures of 750 C to obtain single-phase crystalline growth. Deposition
took place in an O2 background gas pressure of 110 2 mbar and target-substrate
distance was 40 mm. An excimer laser of uence 2.6 Jcm 2 and wavelength 248
nm ablated a single-crystal YAG target, while a frequency quadrupled Nd:YAG laser of
uence 2.5 Jcm 2 ablated a single-crystal GGG target.
As a consequence of these compromised deposition conditions, layers (particularly of
GGG) exhibited stoichiometry, and hence refractive index, far from bulk values (see
table 6.1). Pressure was much lower and substrate temperature slightly higher than for
optimum GGG growth conditions, leading to a substantial decrease in gallium content
relative to bulk: the crystal formula of a representative test lm, for example, was
Gd5:16Ga2:86O12 compared to Gd3Ga5O12 for bulk. A decrease in aluminium content
relative to bulk in the case of YAG was also observed. XRD and EDX data for twoChapter 6 Bragg reectors 85
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Figure 6.2: XRD spectra of GGG (green) and YAG (red) test lms, normalised to
the underlying YAG substrate peak.
example single-material test lms are given in table 6.1, with values for bulk crystal
given for comparison. XRD spectra are displayed in gure 6.2. While these conditions
resulted in non-stoichiometric growth, growth at higher pressures was not advisable due
to the higher number of particulates that are observed for YAG growth at pressures of
2  10 2 mbar and above. Growth at much lower pressures was also to be avoided as
it can lead to coating of chamber windows, and attempts to change conditions to the
optimum for each layer during deposition resulted in a prohibitively long fabrication
time.
GGG and YAG were chosen for these experiments as both are garnets known to grow
well as multilayers, but which have a relatively large refractive index contrast (nYAG and
nGGG are nominally 1.82 and 1.96 respectively). Multiple single-crystal targets were also
readily available. In each case, stacks consisted of an odd number of layers with GGG
layers rst and last. The reason for this was twofold: rstly, to obtain as large an index
contrast as possible between the rst layer and substrate and secondly, to remove any
colour or opacity from the topmost YAG layer. As detailed in section 3.2.3, growth of
YAG on a deposited GGG layer without subsequent overgrowth or annealing has been
observed to result in a frosty brown lm.
A model of quarter wave and  shifted Bragg structures was created in MATLAB by
Michalis Zervas (ORC) (see appendix B for an overview of operation). This model
incorporates chirp (e.g. due to a linear drop in laser ablation energy over time) and loss,
in the latter case by introducing an attenuation term. This term does not discriminate
between absorption and scattering loss (e.g. due to particulates), although with undoped
materials and total structure thicknesses less than 20 m thick, it is assumed that
absorption is negligible.86 Chapter 6 Bragg reectors
Bulk YAG Test YAG Bulk GGG Test GGG
2 () 29.76 29.36 28.84 27.46
Lattice constant ( A) 12.006 12.158 12.383 12.982
Crystal formula Y3Al5O12 Y3:61Al4:39O12 Gd3Ga5O12 Gd5:16Ga2:86O12
Table 6.1: Crystal data of two test lms grown under conditions used for Bragg stack
deposition. 2 and lattice constant values were obtained via XRD, crystal formulae
computed from EDX data. Textbook values for bulk crystal are shown for comparison.
6.2.2 Measurement techniques
6.2.2.1 Thickness estimates
With no in situ diagnostics to measure thickness during deposition, deposition rates
were inferred from analysis of test lms. A very rough estimate of physical deposition
rate could be gained by stylus proling of pre-measured substrates; however, the values
were not precise enough to be of great use (as in section 6.3.1). Analysis of XRD spectra
of two YAG/GGG superlattices grown under the desired condition gave a more specic
indication of thickness. However, given that refractive indices could not be measured
directly, the approach taken for lms of designed peak reection wavelength was to
estimate optical thickness as a single value via spectrophotometry of test lms.
Spectrophotometry data of single-material YAG and GGG test lms are shown in gure
6.3. A value for optical thickness can be obtained by comparing positions of interference
peaks. Assuming no dispersion between adjacent peaks (i.e. the refractive index is
the same for both peaks)1, the optical thickness (product of physical thickness d and
refractive index n) is give by Equation 6.1:
nd =
12
2(1   2)
(6.1)
Further analysis of spectrometry data can allow values of refractive index and physical
thickness to be obtained separately [174]. However, doing so requires the peak and
trough envelopes of the transmission spectrum to be well dened, something that was
not the case in these experiments (as can be seen in gure 6.3). Useful separate values
of index and physical thickness could hence not be determined using this method.
As the refractive index contrast between the lm and substrate is so small, particularly
in the case of the YAG lm, the peaks are often not well dened, and obscured by
noise. Test lms were grown on glass substrates to obtain more dened peaks (see gure
6.4) and hence allow calculation of optical thickness values with a much smaller error
than previously. Substrates were heated during deposition, and it was thought that the
1The dierence in the index of bulk YAG between 900 and 1000 nm is 0.1% [173], hence this
assumption is valid.Chapter 6 Bragg reectors 87
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Figure 6.3: Transmission spectra of YAG and GGG example test lms, both on YAG
substrates.
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Figure 6.4: Transmission spectra of YAG and GGG example test lms, both on glass
substrates.
lm might grow polycrystalline, giving a refractive index value similar to that obtained
by growth on crystal. The values obtained, however, diered substantially from those
obtained from both test lms grown on crystal and the values inferred from test gratings
grown, due to the lower density of the lm, which may have been amorphous. Instead,
it was necessary to take an average of the optical thickness values of a number of test
gratings grown under nominally the same conditions on crystal substrates.88 Chapter 6 Bragg reectors
6.2.2.2 Transmission and reection measurements
Three instruments were used to determine the transmission/reection characteristics of
the stacks. The most simple and readily available was a Varian Cary 500 white light
spectrophotometer, used in transmission mode with a circular aperture of 1 mm. Data
from the Varian spectrophotometer was compared with that from a CRAIC 20/20 PV
microscope-coupled spectrometer, used in reection mode with a 40 m  40 m square
aperture. The latter measures the reectivity of a sample relative to a reference mirror,
which is itself calibrated via two other mirrors.
For reectivity values less than 90%, data from the two spectrometers is similar around
the area of interest (example data shown in gure 6.5). It is hence assumed that:
 Absorption and scattering are unlikely to be signicant, and hence it can be as-
sumed that R = 1   T , where R and T are reection and transmission intensity
respectively. This is as expected, as lms are only microns thick and contain no
dopants.
 Any variations over a 40 m  40 m square are similar to variations over a circle
of 1 mm diameter.
The same consistency is not observed for reectivity values above 95%. This is likely
due to errors in reection measurements, however, and not a result of errors in trans-
mission spectrometry: at values of close to 100% the error in reectivity measure-
ments due to noise or inaccurate calibration of the reference mirror become prohibitively
large.There was also a problem with the microscope-coupled detector response in the
region 650-950 nm, as can be seen in gure 6.5. As a result, transmission data has been
presented in this thesis rather than reectivity data obtained using the microscope-
coupled spectrometer.
In the case of  shifted structures, where it was suspected that the short coherence
length of white light might be preventing features from being observed, a transmission
spectrum was also obtained using a tunable Ti:sapphire laser. These measurements were
collected with the help of Amol Choudhary (ORC).
6.3 Simple Bragg stacks
6.3.1 Preliminary experiments
Preliminary growth of quarter-wave Bragg stacks was undertaken to determine whether
growth of Bragg structures was viable. Transmission spectra of examples with 17, 65
and 121 layers are shown in gure 6.6. For these initial experiments, optical growth ratesChapter 6 Bragg reectors 89
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Figure 6.5: Reection data for a  shifted Bragg stack (see section 6.4). In the case of
the Varian Cary 500 spectrometer, reectivity values are assumed to be 1-transmission
values. Peak positions are likely slightly dierent due to the slightly dierent mounting
positions (a consequence of sample curvature).
were not estimated via spectrometry of test lms as described in section 6.2.2.1, rather
refractive indices were assumed and physical growth rates estimated from surface prole
measurements of test materials. As a result, optical growth rates for each material
were not equal, as evinced by the varying side band heights. Peak reection (i.e. 1-
transmission) values were 41%, 58% and 97% respectively.
During the growth of such samples, some mixing of plumes (5-10 shots, variable) occurred
due to the dierent processing times of the shutter control boxes. This was prevented by
introducing a delay of 1-1.5 seconds between the closing of one shutter and the opening
of another into the shutter control program. Any interaction between plumes could have
led to the formation of a mixed layer with slightly dierent stress state or composition
from the average of YAG and GGG (see chapter 5), and was hence to be avoided.
As expected, samples exhibited some curvature as a result of the deposition process.
Transmission spectra peak height and denition can hence vary depending on the size
of aperture used, as demonstrated in gure 6.7. It should be noted, however, that any
curvature is negligible for interrogating beams of less than 1 mm, as demonstrated by
the spectrometer comparison described in section 6.2.2.2. The sample curvature, though
not deliberately introduced, renders the stacks tunable by position. More detail is given
in section 6.6.2.90 Chapter 6 Bragg reectors
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Figure 6.6: Transmission spectra of three prototype quarter-wave Bragg stacks with
17, 65 and 121 alternating layers of YAG and GGG.
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Figure 6.8: Transmission spectrum of quarter-wave Bragg stack with 67 alternating
layers of GGG and YAG designed for 946 nm peak wavelength. The model (shown for
comparison) suggests that while a small amount of chirping (linear index variation of
<1%) may have occurred, the rates of chirp are likely dierent for each material.
6.3.2 Reectors at specic design wavelengths
A number of attempts were made to grow quarter-wave (and later  shifted and apodised)
stacks at specied wavelengths. Unlike the preliminary experiments described above,
these samples were grown using estimates based on spectrometry of test lms, as out-
lined in section 6.2.2.1. It was found that resultant peak reection wavelengths generally
did not exactly match the design in the centre of the sample. However, the results were
close enough that, due to the tunability of the gratings (see section 6.6.2), the desired
peak wavelength could be achieved (without signicant loss in reection) by changing
the position of the interrogating spectrometer beam on the substrate.
The transmission spectrum of an example of a quarter-wave Bragg stack with 67 layers
and a design peak wavelength of 946 nm (of interest for e.g. reection of the quasi-3 level
Nd:YAG laser transition) is shown in gure 6.8, along with an approximate model for
comparison. The model assumes that there is no absorption or scattering loss, a slight
linear chirp (a decrease in thickness of 1% over the course of deposition) and refractive
indices of 1.9 and 2.0 for YAG and GGG layers respectively. The measured peak is
not completely symmetrical and hence cannot be tted perfectly. It may be the case that
chirp is not linear, for example if chirp rates of the two materials are dierent (plausible
due to dierent laser energy drift rates, dierent target degradation rates etc.). Peak
denition is also poorer, something that may be due to uctuations in layer thickness
due to corresponding uctuations in pressure or laser energy over the deposition. These
factors cannot, however, be modelled as yet.92 Chapter 6 Bragg reectors
Figure 6.9 shows the transmission spectrum of a quarter-wave Bragg stack with 145
alternating layers (red line) again designed to exhibit a peak wavelength at 946 nm.
Transmission is <1%, corresponding to a peak reection of >99%. The expected peak
shape for an ideal quarter-wave stack, shown by the green dotted line, is much more
square than the data observed. A much closer match is found by introducing a linear
chirp term into the model (blue dashed line). This term implies that layer thicknesses
decreases linearly by around 2% over the course of the 6 hour deposition. If true, such
an eect is most likely due to a downward drift in ablating laser energy such as has
been observed previously for both lasers. Attempts were made once per hour during
deposition to compensate for drift; any chirp is hence likely to be stepped rather than
purely linear. However, whilst relatively easy to correct in the case of the excimer laser,
energy drift cannot be easily corrected in the case of Nd:YAG lasers due to the diculty
in accurately retuning the harmonic crystals.
Again, modelling of the data suggests absorption or scattering loss is negligible and that
the refractive indices of YAG and GGG layers are 1.9 and 2.0 respectively (these
values will be assumed later in section 6.5). Sub-peaks such as those shown by the
model cannot be observed easily in the measured data, and where small peaks can be
seen (i.e. 1000-1100 nm region) the peak positions do not match those of the model.
This latter may be the result of dierent chirping for each material or uctuations in
the growth rates, factors that the model does not take into account. It should be noted
that the thickness of the sample overall (17 m) is greater than the coherence length
of the white light, an eect that was found to be signicant in the case of the  shifted
structures described in section 6.4. Any eect of this loss of coherence on the spectrum,
however, could not be conrmed (e.g. via Ti:sapphire laser transmission experiments)
due to time constraints.
XRD spectra of the 67 and 145 layer stacks mentioned above are displayed in gure 6.10.
As expected, only peaks corresponding to the (400) and (800) peaks of YAG and GGG
can be observed, showing that the materials grew as epitaxially-orientated crystal.
6.4  phase-shifted reector
The design of the  shifted stacks grown followed that illustrated in gure 6.1(b), con-
sisting of two 21 layer stacks of alternating YAG and GGG either side of a YAG layer
of optical thickness =2 (i.e. physical thickness =2n). In an ideal structure, reections
from each stack will cancel out resulting in 0% reection in the centre of an otherwise
standard quarter-wave reection peak (see chapter 3). If there is variation in the layer
thicknesses of the stacks either side, complete cancellation will not take place and some
residual reection will still occur. If the optical thickness of the central YAG layer is
not =2, the reection dip will shift away from the centre of the main reection peak.Chapter 6 Bragg reectors 93
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Figure 6.9: Transmission spectrum of quarter-wave Bragg stack with 145 alternating
layers of GGG and YAG designed for 946 nm peak wavelength. Two modelled versions
are shown for comparison, which suggest that some chirping may have occurred.
Two attempts at growth of a  shifted structure have been made, spectrometer data for
both of which are displayed in gure 6.11. The rst example (stack 1, \high loss") was
deposited under the conditions described in section 6.2. A transmission increase of 20%
can be observed in the main reection peak/transmission trough, indicating that there
was signicant variation in the layer thicknesses of the stacks either side. The reection
dip/transmission increase can be observed in the centre of the main transmission peak,
however (i.e. it hasn't been shifted), suggesting that the physical thickness of the central
YAG layer was indeed =2n.
A \low loss" version (stack 2) was subsequently attempted. In this case, the laser-target
angle of incidence was kept constant rather than varied, something that had been found
previously to reduce the number of particulates in the lm (see section 3.2.6). All other
conditions were kept the same, and hence other uctuations (pressure, laser energy etc.)
that could not be controlled remained as a source of thickness variation. The shift in
main peak position and the dramatic decrease in overall transmission suggests that one
or both of the growth rates had changed, and that the optical thicknesses of the layers
comprising the stacks either side of the central YAG layer of the previous sample had
not both been equal to =4n. A 30% increase in transmission in the centre of the
peak was observed, indicating that while tilt program-induced particulates inuenced
the layer thickness variation they were not the only signicant factor. The sample's
XRD spectrum, demonstrating the epitaxially-orientated crystal growth, is shown in
gure 6.12.
After deposition of stack 2, it was posited that at around 8 m thick, the path of light
through the structure may have become longer than the coherence of the white light from94 Chapter 6 Bragg reectors
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Figure 6.10: XRD spectrum of quarter-wave Bragg stacks. (400) and (800) peaks for
GGG and YAG layers can be observed, showing that crystal growth was in the epitaxial
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Figure 6.12: XRD spectrum of  shifted stack 2. (400) and (800) peaks for GGG and
YAG layers can be observed, showing that crystal growth was in the epitaxial direction.
the spectrophotometer (1 m). In such a situation the stack could be considered as a
spacer layer with asymmetric mirrors (i.e. dierent reectivity) either side, a geometry
that would result in the smaller than expected increase in transmission in the centre of
the main transmission trough2. To test this, a transmission spectrum was taken using
light from a tunable Ti:sapphire laser (shown in gure 6.13). Due to time constraints
and the limited wavelengths available, measurements focussed on the area of particular
interest at the centre of the main transmission peak. A decrease of transmission of
50% can be observed, suggesting that the coherence length of the spectrometer light
2This eect was predicted via MATLAB modelling.96 Chapter 6 Bragg reectors
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Figure 6.13: Transmission spectrum of  shifted stack 2 as obtained via spectropho-
tometer (blue) and Ti:sapphire laser (red).
did indeed play a part in limiting the observed  shift eect. However, given that the
peak was limited to 60% transmission, some variation in layer thicknesses still occurs.
6.5 Apodisation
An attempt was made at grating strength apodisation i.e. varying the grating strength
to produce an approximately Gaussian prole to remove side band reections. The
sample consisted of alternating layers of YAG and mixed YAG/GGG, varied in ratios
of 9:1, 8:2 and so on to 0:10 and back to 9:1 to obtain an approximately Gaussian
grating strength prole (see gure 6.14). The programmed optical thickness was the
same for each layer (standard error of 0.02 nm, although greater variation is likely
due to experimental uctuations), resulting in a structure that was grating-strength
apodised only (not chirped-apodised, where optical layer thickness also varies). As such,
the physical thickness of each mixed layer was varied to compensate for the change in
refractive index. This is, to our knowledge, the rst example of such a structure in a
stack geometry, and the rst example of such sophisticated crystal engineering via PLD.
Mixing was achieved by changing the relative repetition rates of the ablating lasers using
the shutters and deposition was carried out under the same compromise conditions as
the Bragg stacks previously described in section 6.2. As refractive index could not be
measured directly (see section 6.2.2.1), refractive indices were estimated by comparison
of grown gratings with the MATLAB model to be 1.9 and 2.0 for YAG and GGG respec-
tively. Due to the dened deposition rate (determined by the deposition conditions) and
minimum blocker response times (0.2 s for the GGG blocker, 0.3 s for the YAG blockerChapter 6 Bragg reectors 97
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Figure 6.14: Overall approximate refractive index and physical thickness for each
layer in a 63-layer grating strength-apodised stack, along with Gaussian refractive index
apodisation model.
due to its larger and heavier ag), layers could not be completely mixed in all cases.
However, in the majority of cases any sub-layering is on a sub-unit cell scale, and in the
remainder layers thicker than 1.2 nm are interspersed with layers of less than half a unit
cell in thickness, resulting in a crystal which can be practically described as \mixed".
Any layering is on a much smaller scale than the wavelength of light, and hence should
not have a signicant impact on the device performance.
XRD spectra of the apodised sample can be seen in gure 6.15. Only peaks corresponding
to the 400 and 800 orientations of the YAG, GGG and mixed layers can be seen in the
full scan (gure 6.15(a)); the sample was hence crystalline with each layer orientated in
the epitaxial direction. Peaks representing diraction from each of the eleven materials
in the sample (YAG, GGG and mixtures in ratios 9:1 to 1:9) can be observed in gure
6.15(b), as can a peak corresponding to the underlying YAG substrate (to which data
were normalised).
An approximate model was obtained as a guide for comparison using the GID sl x-ray
modelling program mentioned in section 5.3.3. The program was not able to accom-
modate mixed materials; instead the model assumed layers of GGG that were highly
strained, to take into account mixed material lattice constants. Use of a dierent mate-
rial aects peak heights but not positions, allowing comparison with the observed data.
As suggested by the model, any contribution from layers in the bottom parts of the
structures is lost in noise due to X-ray attenuation; peaks shown are hence likely to be
reections from the top half of the structure only. No instrument function was taken
into account and roughness values used were the same as those previously determined for
GGG (higher values obscure the contribution from the substrate). The model assumed
that the peak around 29.43 corresponded to that of the YAG-only layers.98 Chapter 6 Bragg reectors
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Figure 6.15: Full (gure 6.15(a)) and zoomed-in (gure 6.15(b)) XRD spectra of
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Figure 6.16: Transmission spectrum of an apodised sample and a simple Bragg stack
of comparable peak transmission.
Peak spacing was fairly regular, although not as regular as would be expected. Four
layers did not match the expected peak positions, namely those with YAG:GGG ratios of
8:2, 7:3, 3:7 and 4:6. The shifts indicate an increase in lattice constant, the cause of which
has not been determined. Possible causes include an increase in relative GGG:YAG ratio
(due to a change in relative growth rates), a change in the elemental content of the layers
(e.g. a decrease in Al or Ga) due to changing conditions or plume interaction, or a change
in strain. Relative plume delay was not taken into account in the fabrication of mixed
layers, and shifts in lattice constant from expected values may hence be inuenced by
plume delay as described in chapter 5. Growth of layers of each ratio as separate test
lms, or even a repeat of the apodised growth already demonstrated, may shed some
light on the mechanism for the XRD peak shifts, as well as allowing further information
about true refractive indices of the mixed materials to be obtained.
Despite these aws in implementing the design, the overall result appears to have been
successful. Spectrophotometer data of the apodised sample, along with a comparable
quarter-wave Bragg stack of similar peak height (deposited under nominally the same
conditions but with fewer layers in order to achieve comparable peak heights), can be
seen in gure 6.16. The majority of side bands are suppressed relative to the quarter-
wave stack without signicant increase in central peak width. It is not known whether
the small peak around 970 nm, the only side band to not have been fully suppressed,
is present due to growth program inaccuracies (approximations, refractive index esti-
mation, sub-layering etc.) or due to the same material or stress factors that caused
the XRD peak shifting described above. Extension of the MATLAB model to apply to
apodised gratings may help illuminate this problem.100 Chapter 6 Bragg reectors
6.6 Applications
It is expected that crystalline Bragg stacks will be of great interest for a number of appli-
cations, particularly where amorphous materials may not be appropriate. The garnets
used for grating growth in this chapter are unlikely to be ideal due to the relatively poor
crystal quality obtained as a result of the compromised conditions used. However, some
preliminary testing for high temperature applications has been undertaken. High power
laser damage threshold testing has not yet been undertaken due to time constraints. It
should be noted that, as the stacks are single-phase crystals, thick lm crystal growth
could be subsequently undertaken using such Bragg structures as a substrate. This may
be of interest for growth of integrated mirror thin disc laser crystals, for example.
6.6.1 High temperature
A 45-layer quarter-wave grating of peak reection wavelength of 600 nm was grown
for temperature resistance testing under standard conditions. It was subjected to CO2
laser annealing at 1000 C for 1 hour in Chamber 1, with a ramping periods of 30
minutes. Annealing took place in an argon atmosphere at a pressure of 1 10 2 mbar.
Transmission spectra before and after annealing are shown in gure 6.17. The clear
dierence in between the pre- and post-annealing spectra suggests that some diusion
between layers has taken place, as might be expected for garnet layers at such high
temperatures (see section 5.3). The likelihood of interdiusion and hence loss of layer
denition is also greater due to the relatively poor crystal quality. However, the sample
remains water-clear and is otherwise unaected (unlike e.g. some glasses, that would
begin to melt or deform at this temperature). It is expected that a dierent choice of
materials should result in a grating capable of withstanding temperatures 1000 C.
Potential candidates are sesquioxides: these are simpler in structure than garnets and
are hence less likely to suer from changes in stoichiometry. They also are grown at
higher growth temperatures (see appendix C) and so are more likely to remain intact at
temperatures at and beyond 1000 C, although interdiusion is still a potential problem.
6.6.2 Tuning and curvature
Peak reection wavelength can be tuned, due to lm curvature. The tuning prole of an
example grating of 67 layers and 5-10% peak transmission is shown in gure 6.18. While
the level of curvature and hence tuning was not controllable with the setup described
in this chapter, due to the restricted window of growth parameters, a dierent material
selection (e.g. YIG and GGG, sesquioxides) with a wider overlap of ideal conditions may
allow a greater variety of deposition conditions to be used, hence providing a greaterChapter 6 Bragg reectors 101
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Figure 6.17: Transmission spectra of an quarter-wave grating sample before and after
laser annealing at 1000 C.
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Figure 6.18: Gratings are tunable due to surface curvature. Reection peak position
can be varied from 958 to 916 nm in this 65 layer example.
level of control over curvature. This may be of interest for growth of Gaussian laser
cavity mirrors, for example, as well as wavelength tuning.
6.7 Limitations and future improvements
Structures of immediate interest that have not yet been attempted include chirped and
chirped-apodised structures. Unfortunately, chirped samples with 99% reectivity but
broad reection bands (at least twice that of a standard quarter-wave stack) consist of102 Chapter 6 Bragg reectors
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Figure 6.19: XRD spectra of a number of dierent Bragg samples showing variability
in resulting lattice parameter due to uctuations in the setup.
more than 250 layers, assuming the current materials and conditions (i.e. the current
achievable n). While this would be achievable with the current setup, the time re-
quired was prohibitively long in the context of these experiments. Improvements to the
MATLAB model are also required, particularly to introduce apodisation and non-linear
chirp.
While the production of crystalline Bragg stacks by PLD has been successfully demon-
strated, there are currently issues with repeatability in the current setup. A certain
level of variation in layer thickness, refractive index and stress in unavoidable when us-
ing the technique in its present form. This variation can be easily observed in gure
6.19: lattice constants measured for a number of samples described in this chapter are
dierent despite conditions being nominally the same. Laser energy varies from pulse
to pulse, and can drift downwards over the course of a deposition, changing both the
deposition rate and the stress states of the resulting lm. Target damage occurs over
time, something that can inuence the ablation characteristics and lm stoichiometry
as well as particulates. Pressure can uctuate slightly (by 1 or 2%), again changing
the stress states and elemental compositions of the lms. Nd:YAG laser performance
was poorer than the excimer, exhibiting the larger energy uctuations, a less at beam
prole and the periodic need to realign the harmonic crystals. Its use, however, was
unavoidable in the context of these experiments.
Substrates are inserted into the holder by eye and so may exhibit slightly dierent
levels of heatsinking in the corners, and temperature may hence vary slightly from
deposition to deposition. Any such temperature variation cannot be observed using
the current system. Many substrates were also found post-deposition to have been
lower quality crystal than previously thought, presenting dierent amounts of curvatureChapter 6 Bragg reectors 103
and possibly containing impurities or aws that led to dierent emissivities or levels
of thermal expansion coecient (shown by cracking or discoloration at temperatures of
850-1000 C).
Introduction of in-situ diagnostics would go some way to compensating for these uc-
tuations. A low power laser could be used to perform reectivity measurements during
deposition (as done by Serna and Alfonso [175]), which could be combined with the
shutter controller program in LabVIEW to automatically stop deposition when a layer
has reached the desired optical thickness. The ability to change the incident angle of
this laser would allow a range of designed peak reection wavelengths to be selected.
Online temperature measurements would also be highly desirable to standardise stoi-
chiometry and any curvature due to thermal expansion mismatch, although as discussed
in section 4, such measurement can be dicult to achieve. It is important to remember
when introducing additional diagnostics, however, that experimental exibility or speed
of growth and/or sample turnaround should ideally not be sacriced: these are the real
advantages of the technique over one that may otherwise allow better quality growth,
such as MBE.
While simple to implement, laser reectivity measurements were not undertaken in these
experiments due to the materials used. YAG and GGG were selected for experiments
for the reasons described in section 6.2; however, YAG growth on GGG layers was found
to be brown and frosty until the deposition of another GGG layer on top. As such,
in-situ reectivity measurements were unlikely to have been successful. However, now
that the concept has been proven, a dierent choice of materials may be investigated.
Growth of YIG/GGG multilayers has been demonstrated previously with an emphasis
on their magneto-optic characteristics (see chapter 2). Such stacks could, however, be
of interest as a replacement for the YAG/GGG stacks shown here, should a common set
of deposition conditions be available.
Bragg stack growth in all geometries may benet from the use of materials other than
garnets. Rare earth sesquioxides (Y2O3, Lu2O3 etc.) have high damage thresholds
and thermal conductivities, even compared to garnet. They are also much simpler in
terms of crystal structure, and hence less likely to be adversely aected by compromised
growing conditions. Like garnets, they exhibit a range of refractive indices from 1.90
(yttria) to 1.99 (scandia) whilst having similar lattice constants and thermal expansion
coecients, and hence can be expected to grow well in a multilayer geometry. Single-
layer preliminary growth has shown that single-phase yttria, lutetia and scandia can
all be grown under similar conditions using the setups described in this thesis, with
relatively few particulates (see appendix C). Layered sesquioxide growth may hence prove
ideal for growth of Bragg reectors for high power and/or high temperature applications.104 Chapter 6 Bragg reectors
6.8 Conclusions
Crystal Bragg reectors have been fabricated in various geometries using the shutter
technique. These include 145 layer stacks exhibiting >99% reection as well as  shifted
designs. A crystalline apodised sample with an approximately Gaussian grating-strength
prole was grown by mixing plumes to obtain a custom refractive index for a particular
layer. This represents the rst known example of such engineering in crystal and, as
expected, resulted in substantially reduced side lobe reections. Due to the curvature
of the layers, peak reection wavelength was tunable via changing incident position.
Crystalline mirrors are of interest for high power and high temperature applications,
due to the high damage threshold. YAG and GGG were used as they had the largest
index contrast of the garnets available, but the compromised conditions required for
automated growth resulted in layers with stoichiometry far from bulk. This choice of
materials and conditions may have strongly diminished the ability of the structures to
withstand high temperatures, with some layer indiusion and hence loss of performance
observed after annealing at 1000 C.
While the potential of the technique for practical device growth has been proven with
these experiments, there is still much work to be done. Various stack geometries, in-
cluding chirped and alternative apodisation proles, have not yet been attempted due
to time constraints. Issues with repeatability should be addressed by the introduction
of online thickness measurements. This is likely to require a move to alternative mate-
rials, whether other members of the garnet family or new classes of materials, such as
sesquioxides.Chapter 7
Micromachined channel
waveguides
7.1 Introduction
This chapter describes the rst of two novel methods utilising PLD to fabricate crys-
talline structures for lasing applications.As described in chapter 2, channel waveguide
fabrication often relies upon methods that are slow or costly (ion beam machining etc.),
and as such, structures can be limited in size or number. Described in this section is a
novel method of fabricating thick channel waveguides simply and easily using a combi-
nation of PLD and micromachining. Multiple cladding layers may be incorporated, and
by careful choice of layer thicknesses such structures may be diode pumped (cheaper,
easier optical setup) whilst maintaining single-mode output (see section 3.4.2).
This work was a collaboration between groups at the ORC: micromachining was carried
out primarily by Lewis Carpenter (ORC), with input from Chris Holmes, James Gates
and supervisor Peter Smith. Lasing experiments were primarily carried out by Amol
Choudhary, with input from supervisor Dave Shepherd.
The main contributions detailed in this chapter are as follows:
 The rst known example of garnet channel waveguide fabrication via physical
micromachining;
 The rst known example of a double clad crystalline channel waveguide.
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7.2 Fabrication procedure
Clad channel waveguide fabrication followed a ve step process, as illustrated in gure
7.1:
1. Grow a multilayer lm via PLD.
2. Physically micromachine cuts to make ridges. Because the bottom of any cut is
rough (see section 7.6), the cuts should be deep enough to cut into the substrate
that scattering is minimised.
3. Thoroughly clean sample to remove abrasive material from the cutting process.
Samples are cleaned ultrasonically in heated acetone, wiped with methanol and
DI water and dried (not illustrated in gure 7.1).
4. Return clean samples to the chamber and deposit cladding layer(s).
5. Polish faces parallel.
The technique does not require the use of multiple beams and targets, although the ex-
periments detailed here were carried out in a multi-beam chamber (Chamber 2). Physical
micromachining was undertaken using a Loadpoint MicroAce 3 high precision saw.
7.3 Proof of concept: single clad
An initial sample was made to verify that machining of crystal layers was viable. Layers
were deposited in Chamber 2 with a background oxygen gas pressure of 4  10 2 mbar
and a substrate temperature of 650 C. Targets were loaded simultaneously so that
the chamber did not need to be opened between depositions. The excimer laser uence
ablating the undoped GGG target was 1.7 Jcm 2. In the case of the doped target,
spot size varied dramatically with angle of incidence, resulting in a uence that varied
from 2.5 Jcm 2 to 1.5 Jcm 2 as the target tilted over a range of 8. In addition, the
optimal ablating laser setup for both targets had not yet been determined, leading to
formation of a large number of particulates. Each layer was 1 m in thickness.
A diagram of the intended design is shown in gure 7.2. Pairs of grooves of 8 m depth
and 60 m width with a range of separations (hence ridge widths) were cut into the
lm and substrate using a precision dicing saw. Electroplated nickel bonded blades of
0.02 mm width and 5000 grit were used to dice at 15,000 rpm with a translation speed of
0.1 mm/s (dicing carried out by Lewis Carpenter, ORC). The resulting 20 m wide, 10
mm long multilayer ridges were subsequently overgrown via PLD with a further undoped
GGG cladding layer. XRD analysis (see gure 7.3) shows that the crystal layers haveChapter 7 Micromachined channel waveguides 107
YAG substrate
Nd:GGG
Undoped GGG
YAG
(a) 1. Deposit multilayer lm
Micromachined cuts
YAG substrate
(b) 2. Physical micromachining to form ridges
Overgrown cladding layers
YAG substrate
(c) 4. Overgrow cladding layers after 3. cleaning (not
shown)
Faces polished parallel
(d) 5. Polish end faces parallel
Figure 7.1: Steps involved in channel waveguide fabrication by PLD and microma-
chining (cleaning not shown).
YAG substrate
1 µm
Nd:GGG
YAG
Undoped 
GGG
Figure 7.2: Diagram of design for proof-of-principle single clad channel experiments108 Chapter 7 Micromachined channel waveguides
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(a) Only (400) and (800) peaks can be observed, demonstrating that crystal growth was
in the epitaxial direction.
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(b) Contributions from the lm and substrate can be observed.
Figure 7.3: Full (gure 7.3(a)) and zoomed-in (gure 7.3(b)) XRD spectra of a ma-
chined single clad channel.Chapter 7 Micromachined channel waveguides 109
Figure 7.4: SEM of a section of example ridge before overgrowth. The substrate
(light area) can be clearly seen, indicating that the blade has cut into the substrate.
Film (dark area) quality is poor, with a large number of particulates observed.
grown in the epitaxial (100) direction and with a peak FWHM similar to that of the
substrate.
An SEM image of a section of an example ridge before overgrowth can be seen in gure
7.4. The bare cut substrate and deposited GGG layers can be clearly distinguished.
As expected, lm quality was poor, and large numbers of particulates can be observed.
Only one ridge was intact along its entire length, with others exhibiting signicant
chipping that, in some cases, led to sections of ridge being lost entirely (see gure
7.5(a)). Some chipping appeared to be unavoidable even when the ridge was intact
(see gure 7.6). To combat the eect of such chipping, it was proposed that before
machining, a layer of cladding should be grown on top of the core with one-third to
one-half the full cladding thickness, rather than machining directly into the core. Any
chipping would consequently be \smoothed" by the subsequent overgrowth of cladding
and capping layers.
Figure 7.7 shows an SEM image of the semi-polished end face of a clad channel after
overgrowth. While the core and cladding cannot easily be distinguished, the overgrown
GGG layers can be observed. Chipping of the end of channels was particularly prevalent,
as can be observed in gure 7.7. However, polishing of a functional device would remove
enough material to also remove any chipping (something that was not done in the case
illustrated due to time constraints).110 Chapter 7 Micromachined channel waveguides
(a) 2D prole. Chipping was severe enough for sections of lm to delaminate entirely.
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(b) 1D prole showing the roughness of the bottom of cuts.
Figure 7.5: Surface proles of sections of ridge before overgrowth, obtained via optical
proler.Chapter 7 Micromachined channel waveguides 111
Figure 7.6: SEM image of a section of precision machined waveguide before over-
growth, showing minor levels of chipping on the top edges of the guide.
Figure 7.7: SEM image of the semi-polished end face of an overgrown channel. The
overgrown GGG layer can be seen.112 Chapter 7 Micromachined channel waveguides
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(b)
Figure 7.8: Diagrams of double clad channels (a) as designed (width either 25, 40
or 60 m) and (b) as grown.
As can be observed in gure 7.5(b), the bottom edges of a machined cut are typically
rough. Care must hence be taken to ensure that the blade cuts deeply enough into the
substrate to avoid these rough regions. 20 m thick channels appeared to be overly
vulnerable to critical damage (i.e. ridge delamination), and hence a range of larger ridge
widths was tested in subsequent samples.
7.4 Double clad channels
Having created single clad channels and shown that machining of crystal layers was
possible, fabrication of a double clad waveguide was attempted. Due to the levels of
chipping observed, it is unlikely that crystalline channels fabricated by precision ma-
chining would be able to compete with existing examples of channel fabrication in terms
of loss (see chapter 2), at least until improvements in the blades/machining process can
be implemented. Instead, the advantage of the technique lies in its ability to quickly
fabricate channels large enough for diode pumping, with cladding layers to allow single-
mode output. A YAG cap is also advantageous when cladding pumping to reduce any
scattering due to particulates or chipping. An example of the desired channel design is
shown in gure 7.8(a).
Two multilayer samples were made to allow for sample attrition. All layers were de-
posited in Chamber 2 using an excimer laser, this time changing targets between depo-
sition of each layer to prevent the large uence variation observed with target tilting. In
the case of doped and undoped GGG layers, the laser operated at 20 Hz with a uence of
2.5 Jcm 2. Background oxygen gas pressure was 4  10 2 mbar and substrates were
heated to a temperature of 650 C. YAG deposition took place with a laser operating
at 10 Hz with a uence of 2.8 Jcm 2, a background gas pressure of 1  10 2 mbar and
a substrate temperature of 750 C. Target-substrate distance was 40 mm in both
cases.Chapter 7 Micromachined channel waveguides 113
YAG substrate
Nd:GGG Undoped GGG
12  µm (10) 
17  µm (20) 
5.5  µm (5) 
Figure 7.9: Diagram of multilayer lm before precision machining showing lm thick-
nesses as measured (with thickness values as designed shown in parentheses).
Before micromachining, a three layer lm was grown, a schematic of which is shown
in gure 7.9 (values in brackets are the approximate designed lm thicknesses, while
the numbers outside the brackets are those measured for the polished edge of the real
lm). Precise lm curvature is not known as substrates were not pre-measured, but the
thickness of each lm is expected to be around 5-10% thicker in the centre of the lm
than at the edge. XRD spectra of this multilayer lm before overgrowth are shown in
gure 7.10.
As outlined in section 7.3, a cladding layer of half the full thickness was grown on top
of the core in order to reduce the eect of chipping. As a consequence, the thickness of
the GGG cladding layer in total on top of the ridges was expected to be around twice
that of the thickness on the sides. The relatively small thickness of the cladding layer on
the ridge sides was not, however, expected to have a particularly detrimental additional
eect. Because it would not be possible to grow thicker layers on the sides than on the
top due to the growth conguration, and because the width of a ridge and the thickness
of a lm (before machining) are limited to >20 and <40 m in total respectively (width
due to ridge delamination and lm due to stress), single mode output would not be
achieved in the horizontal axis.
Both lms exhibited a relatively large number of particulates of diameter >100 nm
compared to the best lms observed previously under these conditions. However, the
large thickness of the lm overall (35 m close to edge, 40 m in centre) makes a
direct comparison dicult. Particulate counts were around three times higher for sample
1 than for sample 2 (averages of 2.4106 and 7.5156 per cm2 respectively), despite
conditions nominally being the same. While growth with a laser repetition rate of 20 Hz
in Chamber 1 did not appear to be problematic compared to growth at 10 Hz, the eect
of such growth in Chamber 2 (with its tilting targets) has not been fully investigated. It
may be the case that, with a higher repetition rate and a dierent pattern of overlapping
laser spots on the target, the formation of laser-induced surface features or the rate of
exfoliation may be dierent. The Nd:GGG core of sample 2 was grown rst, followed by
the core of sample 1, and the target was not changed between depositions. Continuous114 Chapter 7 Micromachined channel waveguides
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(a) Only (400) and (800) peaks can be observed, demonstrating that crystal growth was
in the epitaxial direction.
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(b) Peaks corresponding to the doped and undoped GGG layers can be observed. Film is
too thick for any substrate contribution to be seen.
Figure 7.10: Full (gure 7.10(a)) and zoomed-in (gure 7.10(b)) XRD spectra of
multilayer lm before machining.Chapter 7 Micromachined channel waveguides 115
Figure 7.11: SEM image of an array of machined ridge waveguides before cladding
layer overgrowth. Dark and light areas are the lm and substrate respectively.
target usage for the ve hours required to grow both cores may have been enough to
pass the threshold after which particulate densities increase dramatically.
Particulate density and hence waveguide loss could be reduced by employing a number
of methods, chiey by not changing laser-target incidence angle during deposition (i.e.
no target tilt) or by reducing the uence slightly to minimise formation and exfoliation
of surface features. However, compromises must be made in order to grow thick enough
lms to allow for diode pumping, otherwise the chief advantage of this precision ma-
chining technique is lost. As shown in [11], uence can be used as a tool to prevent
lm cracking or delamination due to the thermal expansion mismatch between the lm
and substrate. The uence used here, 2.5 Jcm 2, was the ideal found for GGG grown
under these conditions; use of a lower uence may not allow thick lm growth. Any
eect on particulates resulting from either the target tilt program or use of 20 Hz laser
repetition rate could be removed by depositing lms in Chamber 1; this chamber was
not, however, available at the time.
Arrays of seven ridges were cut into both samples; however, due to a machining error
the cuts were not deep enough to cut into the substrate. Six ridges were subsequently
machined in the gaps between existing ridges in one sample, of 25, 40 and 60 m
widths. An SEM image of part of the whole 13 ridge array is shown in gure 7.11. As
in section 7.3, the machined trenches can clearly be seen (light area). An example ridge
end is displayed in closer detail in gure 7.12. Some minor chipping on top edges can
again be observed, something that was prevalent in all cases.116 Chapter 7 Micromachined channel waveguides
Figure 7.12: SEM image of a machined ridge waveguide before cladding layer over-
growth. Dark and light areas are the lm and substrate respectively.
Similarly to the thin single-clad case, 25 m thick ridges appeared to be more vulnera-
ble to damage: neither of such ridges in this thick sample survived the machining/clean-
ing process (see gure 7.13). In two other cases (one 40 m thick, one 60 m) ridges
remained intact along their length but chipping was severe enough to render the ridges
unusable. Two ridges were hence available for laser experiments. Cut depth varied due
to lm curvature as well as linearly due to the slightly tilted mounting of the samples on
the saw. In all but one case, however, the blade cut at least 15 m into the substrate.
Overgrowth of GGG cladding layers (see gure 7.14) took place under nominally the
same conditions as previous GGG growth. Growth rate on the top of ridges was much
higher than growth on the sides: thickness of GGG growth on the side of the ridge was
2.3 m compared to 5.5 m additional growth on top of the ridge. This dierence
in growth rate may be signicant when considering engineering for single mode out-
put: laser output will become multimode if the core thickness is >60% of the total
core+cladding thickness (see section 2.3.1). A similar discrepancy in growth rate on
sides and top was observed for the case of YAG cap overgrowth (2.3 m on sides, 3.9
m on top).
YAG growth was very poor, as evinced by the large number and size of particulates
shown in gure 7.15. The YAG target slipped in the holder at least once mid-deposition.
As a consquence, splashed areas and previously-formed ridges were ablated, leading to
exfoliation of surface features and splashed material and hence the volume of particulatesChapter 7 Micromachined channel waveguides 117
Figure 7.13: SEM image of machined ridge waveguides before cladding layer over-
growth showing areas where sections of ridge have delaminated.
Figure 7.14: SEM image of an example channel waveguide after overgrowth of GGG
cladding layer.118 Chapter 7 Micromachined channel waveguides
Figure 7.15: SEM image of an example channel waveguide after overgrowth of YAG
capping layer.
shown. XRD spectra showing crystallinity of GGG and YAG cladding layers of nished
channel arrays lms are displayed in gure 7.16.
Figure 7.17(a) shows an SEM image of an example channel waveguide after polishing,
while gure 7.17(b) shows a wider view of the array. Core and cladding layers can be
distinguished, and overgrown layers observed. The layer thickness values shown in gure
7.8(b) were obtained from measurement of these polished end faces. Total length of the
channels was 7.7 mm. Fabrication time of the whole array (excluding polishing and
analysis) was less that 10 hours, a value that could be decreased by utilising the multi-
beam setup. Assuming that material growth parameters are known, no major setup
steps are required (no masks required etc.) and a very quick turnaround is possible
(loading in the PLD chamber, pumping and heating can be achieved in 25 minutes,
loading of the saw in 10 minutes); the method is hence potentially useful as a rapid
prototyping tool.
7.5 Waveguiding and lasing experiments
Initial waveguiding and lasing experiments were carried out by Amol Choudhary using
a Ti:sapphire laser as a pump source. Lasing was achieved in the planar region but not
in the channels. Loss in the planar lm was estimated via the Findlay-Clay technique1
1Threshold power is measured for dierent output coupler reectivities and plotted against
 ln(R1R2)=2l. The x-axis intercept of this plot is a good approximation of the loss coecient.Chapter 7 Micromachined channel waveguides 119
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(a) Only (400) and (800) peaks can be observed, demonstrating that crystal growth was
in the epitaxial direction.
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(b) Peaks corresponding to the GGG and YAG cladding layers can be observed. Film is
too thick for any substrate contribution to be seen.
Figure 7.16: Full (gure 7.16(a)) and zoomed-in (gure 7.16(b)) XRD spectra of
multilayer lm after machining and capping.120 Chapter 7 Micromachined channel waveguides
(a) SEM image of an example channel.
(b) SEM image of an array of channels.
Figure 7.17: Channel waveguides after overgrowth and polishing.Chapter 7 Micromachined channel waveguides 121
[23] to be 0.75 dBcm 1; this value, however, was based on two data points only and
hence may not be accurate. Losses in the planar lm and channels were estimated
via the transmission o-absorption as 1.39 and 5.5 dBcm 1 respectively. These values,
however, assume 100% launch eciency; if launch eciency is lower then calculated
losses decrease; for example, if the Findlay-Clay estimate for the planar region is correct
and launch eciency was in fact 93%, losses in the channels may be closer to 5 dBcm 1.
The fact that lasing was not achieved in the channels suggests that the losses are indeed
very high compared to the surrounding lm, but it is not known what contribution is
due to chipping or side wall roughness and what is due to non-perpendicular polishing
of channels.
7.6 Conclusions and future steps
While the combination of PLD and precision machining has been shown to be eec-
tive as a quick and simple technique for fabrication of waveguide arrays suitable for
ecient, high power diode pumping, the apparently high losses show that a number
of problems remain. Lasing may be possible by diode pumping rather than the sub-
optimal Ti:sapphire systems used in the waveguiding experiments previously described,
and should allow a proper analysis of channel waveguide loss by the Findlay-Clay tech-
nique. Other potential (partial) solutions include:
 Further optimisation of layer growth to reduce particulates. Side wall cladding
layer thickness should also be increased if possible to allow single mode output in
the horizontal axis.
 Improvements to the micromachining process, such as the use of specialist sapphire-
cutting blades.
 Dicing via precision machining to ensure perpendicularity of ribs. Even if further
polishing is required, it may be possible to use the diced facet as a reference surface
for the autocollimator (see chapter 4).Chapter 8
Horizontally structured growth
8.1 Introduction
This chapter describes the second of two novel methods utilising PLD to fabricate crys-
talline structures for lasing applications, exploiting multi-beam PLD in conjunction with
a metal cone to create composite crystals with a graded interface between the two com-
ponents. Preliminary shadow masking experiments are also detailed.
As described in chapter 2, a side-pumped thin disc laser crystal will ideally contain
dopant in the centre only. In preparation for the growth of such crystals, two approaches
have been developed to conne materials to dened areas of a substrate: physical mask-
ing and cone or funnel growth. The latter was found to be superior in the context of thin
disc laser crystals; however, physical masking may still be of interest for applications
that do not require side pumping.
The main contributions detailed in this chapter are as follows:
 The rst known examples of growth of millimetre-sized crystalline features via
shadow masked PLD;
 The rst demonstration of controlled horizontal grading in crystal via PLD.
8.2 Physical masking
Two approaches to physical masking can be adopted:
 A mask or stencil is applied to the substrate and material deposited under ap-
propriate conditions. This mask is then removed, leaving the required structure.
This method is simple but requires a masking material that can be both accurately
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Figure 8.1: Diagram of model used to approximate levels of Fresnel reection of side-
pumped light due to the interface between areas of higher and lower refractive index
(doped, grown through mask and undoped, overgrown respectively). From the Fresnel
Equations, if slope is small, the percentage of light reected from the boundary will be
high.
machined and applied to the substrate without melting or indiusing at high tem-
peratures. The method of securing the mask to the substrate is also crucial (see
below).
 Material is grown through a mask at low temperature to create a negative mask
of amorphous material. The material of interest is then overgrown at high tem-
perature. Growth is crystalline where deposited on bare substrate and amorphous
where deposited on the mask. All amorphous material is then removed to leave
the structure. In this case, masking material and method are not required to with-
stand high temperatures, widening the pool of available materials. Removal of the
amorphous layer may be dicult: amorphous material can be removed by acid
etching, however, relative rates of etching for crystalline garnet and amorphous
material of the same composition may be similar.
For side-launching applications such as a side-pumped thin disc laser, any sloping inter-
face between doped and undoped material will result in Fresnel reections of the pump
beam (see gure 8.1) due to the dierence in refractive index (varies with doping). As
soon as the plasma plume passes the mask it will begin to spread out, so close contact
between mask and substrate is crucial to increase the value of slope. This has impli-
cations both in terms of applying the mask to the substrate and the mask material
itself.
Preliminary experiments were carried out using metal foils, in order to test the viability
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structures on YAG, although the foils were found to be inappropriate masking materials.
Machined silicon masks were then tested, along with various methods of applying the
mask to the substrate.
8.2.1 Foil masking
Preliminary experiments were carried out using YAG, a potential material for thin disc
lasers. A number of YAG lms were deposited in Chamber 1 through masks onto single-
crystal (100) orientated YAG substrates. Substrate temperature was 800 C, ambient
oxygen gas pressure was 1.010 2 mbar, uence was 1 J/cm2 and target-substrate
distance was 3.5 cm. Depositions were carried out over one hour, resulting in lms
0.14 m in thickness. This low growth rate was expected, and was due to the use of
poorly-absorbed 266 nm laser light for ablation.
Two masking materials were initially investigated: gold leaf (0.1 m thick) and alu-
minium foil (25 m thick, 99% pure). The edges of aluminium foil masks were
hooked over the edges of the substrate, while the gold leaf was thin enough to cling to
the substrate surface. Adhesives were not required in either case, a distinct advantage
of using such materials.
While gold leaf adhered well to the substrate, it was prone to tearing and deforming
easily due to the small thickness and the tendency to cling to both itself and cutting
implements. As well as making the foil dicult to work with, sharply dened edges
could not be achieved (see gure 8.2). Once covered in amorphous material, the leaf
was dicult to remove from the sample even via ultrasonic cleaning. It may be possible
to etch away the gold; however, it is unlikely that etchants would successfully reach
the metal at all due to the creep of deposited material over the edges of the mask and
substrate, and the potential for damaging the crystal is high. This approach was hence
not pursued.
Two masking examples were then attempted using a mask of aluminium foil, one with a
circular aperture created using a hole punch and one a straight foil strip. Successful
crystalline growth was observed in the desired shapes, without the misshapen edge
obtained with the gold mask. Foil was much easier to work with than leaf, although it
had a tendency to deform/crease. The mask is held in place by hooking over the edges
of substrates, hence contact was likely not close, as evinced by the non-melting of the
aluminium foil. Figure 8.3 is a composite image of the resultant crystalline YAG circle,
diameter approximately 5 mm.
Figures 8.4 and 8.5 show stylus prole scans of the circle and strip masks respectively.
Slope, pump incidence angle i and theoretical reection levels of parallel and perpen-
dicularly polarised light are shown in table 8.1. These calculations, based on the FresnelChapter 8 Horizontally structured growth 127
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Figure 8.5: Stylus prole of transition from substrate to feature grown through
straight strip mask of Al foil.
Sample Slope (m) (see Fig. 8.1) i (degrees) Rk (%) R? (%)
Circular mask 60 89.91 95.7 95.8
Strip mask 6 88.9 58.8 59.4
Table 8.1: Two examples of masked growth using aluminium foil as a masking mate-
rial, with theoretical incident pump light reection levels assuming a linear slope.
Equations [176], assume a change in refractive index n of 0.02 (50% Yb:YAG sur-
rounded by undoped YAG) and a linear transition from the substrate to the top of the
structure.
It should be noted that the growth rate of YAG with 266 nm light is low, and hence lms
are very thin. This exaggerates the slope, and leads to much higher theoretical reection
levels than would likely be seen with a thicker lm (transition distance is unlikely to
increase at the same rate as thickness, given the same masking contact). For example,
reections from a 20 m doped area with a slope of 60 m would be around only 0.2%.
It also may be the case that horizontal resolution is limited by the width of the stylus.
Despite this however, the dierence between samples suggests serious issues with repeata-
bility, likely due to the unsophisticated nature of feature machining, lack of atness and
variable contact. Aluminium foil hooked over the substrate may not, therefore, be the
most appropriate material or method to use.128 Chapter 8 Horizontally structured growth
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Figure 8.6: Schematic illustrating single-plume masked growth setup
8.2.2 Silicon masking
Silicon has desirable thermal properties for masking, having a low thermal conductivity
(desirable to prevent heat sinking) and a high melting point, around 1400 C. Wafers
thin and at enough to form a close mask, whilst strong enough to withstand high
precision machining, are readily available.
Trial lms were grown with GGG targets in Chamber 2 using the same deposition
conditions as section 5.2, in order to achieve higher growth rates than achieved for the
foil-masked lms described previously. The setup is illustrated in gure 8.6. Wafers
were laser machined into 1011 mm rectangles, with central holes of diameter 3, 4 or
5 mm. Optical microscope images of the front and back masking surfaces are shown
in gure 8.7. Edges of machined features were tapered, hence care was taken to apply
the mask with the wider hole face down, to prevent mask or grown feature from being
damaged when the mask is removed post-deposition.
Three mask application methods were considered:
1. Colloidal silver Paste was applied quickly and simply using a pen. Mask contact
was poor, however, due to the thick layer of silver between mask and substrate.
The mask could only be removed by bathing it and the substrate in acetone, which
resulted in the continued presence of silver particles even after ultrasonic cleaning.
It was expected that the silver would oxidise at deposition temperatures, limiting
the method's use to low temperature experiments, although this was not observed
in initial experiments.Chapter 8 Horizontally structured growth 129
(a) Side in contact with substrate (top of taper, wider
hole)
(b) Side not in contact with substrate
Figure 8.7: Images of the machined edge of silicon mask
2. Gallium-indium alloy This alloy is liquid at room temperature but hardens on
heating, and hence could prove a useful high-temperature adhesive. Initial experi-
ments showed, however, that the alloy was very dicult to apply to a conned area
due to its very high viscosity. As with colloidal silver, resulting mask-substrate
contact was poor and the metal was dicult to remove completely.
3. Methanol bonding [177] The substrate was cleaned ultrasonically, dried then
placed in a dish and covered in methanol. The mask was applied and the dish
left on a hotplate at 50 C until the methanol had evaporated (around 2-3 days).
Any residue remaining on the substrate was unlikely to survive being heated to
deposition temperatures. Although the method overall took time to implement,
preparation was not excessively time-consuming. The mask was easily removed
post-deposition by applying a solvent, and mask-substrate contact was expected
to be close due to the presence of no other adhesives.
As it was likely to give the best mask-substrate contact and resulted in the least substrate
contamination, methanol bonding was the approach pursued. Both approaches outlined130 Chapter 8 Horizontally structured growth
Figure 8.8: Composite microscope image of a crystalline circular feature grown via
silicon shadow masking. Diameter is approximately 3 mm.
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Figure 8.9: Stylus prole of the edge of a crystalline GGG circle grown via a machined
silicon mask showing a slope angle of 0.4 .
above were investigated i.e. growth of crystalline features directly through a mask,
and amorphous growth through the silicon mask to form an amorphous inverse mask,
followed by crystalline overgrowth and subsequent etching.
Single-phase crystalline growth of a GGG circle 3 mm was achieved, a composite image
of which is shown in gure 8.8. Surface proling (gure 8.9), however, shows that the
slope would lead to 80% of pump light being reected, implying that mask contact
was very poor.
Direct crystalline growth was found to be much more eective than inverse amorphous
mask growth. In the latter case, removal of the material deposited on top of the amor-
phous mask (assumed to also be amorphous) was attempted via ultrasonic bathing for
90 minutes at 50 C in acetone, followed by one hour's etching in HF. However, thisChapter 8 Horizontally structured growth 131
(a) Before HF etching (b) After HF etching
Figure 8.10: Optical microscope images of GGG amorphous inverse mask overgrown
with crystalline GGG before and after HF etching. Amorphous material etch rate
appeared to be similar to that of crystal.
resulted in damage to the crystalline lm (deposited on bare substrate) with very little
additional removal of the amorphous material (see gure 8.10).
Bonding was not as strong as was required, and masks appeared to come away from
or fall o the substrate when in the deposition position. This is likely due to surface
roughness of the mask leading to poor mask-substrate contact. Mask attrition rates
were high due to the brittle nature of the silicon: even with careful handling, masks
frequently cracked and/or snapped. Some force had to be applied to the masks during
the bonding process, achieved using a custom setup of nuts, springs and washers. This,
however, was again dicult to achieve without cracking the mask. As can be seen in
gure 8.7, the surface roughness of the side in contact with the substrate appears to
be greater than that of the opposite side; better adhesion may have been achieved if
the wafers were machined on the opposite side. However, the issues with the wafers'
mechanical properties suggested that silicon masking would not be successful even then.
8.3 Cone growth
Masking is fraught with problems, particularly in terms of achieving adequate mask-
substrate contact. The issue of pump reections is also a serious one, severely limiting
the technique's usefulness for applications requiring side pumping1. Instead, it may be
preferable to grow a structure such as that illustrated in gure 8.11. The dopant is
conned to the centre of the sample; however, unlike the masked examples, dopant is
graded smoothly from the centre to the outside. There is no distinct sloping boundary
between areas of dierent refractive index and hence signicant pump reection should
be eliminated.
1Although it may be of interest for end-pumping applications, where the side angles of features may
be less crucial.132 Chapter 8 Horizontally structured growth
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Figure 8.11: Schematic illustrating cone growth concept (left) and resulting hybrid
structure (right)
This grading is achieved simply using a cone. Figure 8.11 shows a schematic of the
concept. A cone is placed in front of a target of material (e.g. doped) and directed
to the centre of a crystal substrate. When the target is ablated the plume is funnelled
through the cone and deposition is conned to the centre of the substrate. If a second
target is ablated simultaneously and the substrate is rotated, a hybrid crystal will be
formed consisting of one material in the centre, a second material around the outside
and a graded interface in between.
Stainless steel cake decorating cones were used for the proof of principle experiments
detailed in this section. They are cheap, easy to obtain and available with apertures
of a number of sizes and shapes. Single-plume experiments were carried out initially in
Chamber 1 to assess the validity of the cone growth concept, followed by dual-plume
experiments in Chamber 2. In both cases, a cone of 2.3 mm aperture (internal diameter)
was fastened in a holder of 0.2 mm thick aluminium foil and copper wire, which was itself
fastened to the respective chamber's substrate blocker arm. The cone and experimental
setups are illustrated in gure 8.12.
8.3.1 Single-plume cone growth
Chamber 1 was chosen for a preliminary test of single-plume cone growth due to the
relative ease of introducing a cone. The focus of the experiment was to discover whether
plume connement was at all possible, and hence high-quality crystal growth was not a
priority. Ti:sapphire was already loaded into the chamber as part of separate experiments
and so was used for convenience. An excimer laser of uence 3 Jcm 2 ablated a single-
crystal Ti:sapphire target and the resulting plume was funnelled through the cone and
deposited on a miscut sapphire substrate heated to 950 C. Target-substrate distance
was 50 mm and the cone was held perpendicular to the substrate with a <1 mm gap
(see gure 8.12(a)). Ambient background argon gas pressure was 2  10 2 mbar.Chapter 8 Horizontally structured growth 133
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(a) Single-plume cone growth in Chamber 1
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Figure 8.12: Schematics of cone growth setups in Chambers 1 and 2.
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Figure 8.13: Stylus prole of an alumina circular feature grown through a stainless
steel cone.
A photograph and surface prole scan of the resulting circle of material can be seen
in gures 8.14 and 8.13 respectively. The circle was well dened, despite no substrate
rotation, and no deposition was detected around the outside of the cone, proving that
plume connement through a cone is possible. The circle had a 2.4 mm diameter,
slightly larger than the cone aperture (2.3 mm). This and the edge slope over 150 m
indicate that, as with masking, the plume expanded after exiting the cone. Growth rate
was much lower than expected (1 m/hr compared to 5 m/hr for similar non-cone
conditions) and signicant coating of the inside of the cone was observed. As expected,
the lm was not crystalline but amorphous.134 Chapter 8 Horizontally structured growth
Figure 8.14: Photograph of alumina circle on alumina substrate via single-plume cone
growth
8.3.2 Dual-plume cone growth
Having proven the possibility of horizontal structuring using a cone, dual-plume test lms
were grown in Chamber 2. An excimer laser was used to ablate a YAG target, with the
resulting plume being funnelled through the cone, while a Nd:YAG laser simultaneously
ablated an undoped GGG target. Fluences in both cases were 2.5 Jcm 2 and the
ambient background gas pressure was 1  10 2 mbar. Targets were rotated but kept at
a constant angle of 24; the cone was held perpendicular to the target and hence was
not perpendicular to the substrate, as indicated in gure 8.12(b). In order to include
the cone without blocking either ablating beam, the minimum target-substrate distance
was found to be 49 mm. YAG and GGG were chosen for the experiment as they were
known to grow well as separate and mixed garnets but were dissimilar enough for relative
concentrations to be distinguished via EDX analysis.
Two attempts at dual-plume cone growth were made. Due to poor cone-substrate align-
ment, the rst of these resulted in a hybrid lm with a ring of YAG surrounded by GGG,
rather than the desired circle. Target-substrate distance was 49 mm and the angled tip
of the cone was in contact with the substrate. This likely led to some heat sinking,
resulting in rough, frosty growth as can be seen in gure 8.15.
Cone-substrate alignment was corrected by eye and target-substrate distance was in-
creased to 50 mm for the second attempt, to introduce a 1 mm gap between the sub-
strate and cone. The resulting structure matched well the desired design, consisting of a
GGG outer region, mixed GGG/YAG centre and graded interface. The GGG plume was
directed towards the centre of the substrate, hence mixing in the centre was unavoidable.
Given the plume spreading, some mixing would be unavoidable even if the outer plume
was directed away from the centre. However, in the context of a doped/undoped hybrid
crystal, such mixing would not present a problem; target doping levels would merely
need to be increased to compensate.Chapter 8 Horizontally structured growth 135
Figure 8.15: Photograph of failed dual plume cone growth attempt, consisting of
YAG ring surrounded by GGG on a YAG substrate. Cone-substrate contact led to
heat sinking and frosty growth, and poor cone alignment led to the formation of a ring
rather than a circle.
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Figure 8.16: EDX scan across dual-plume cone grown sample. The grading from
GGG to mixed YAG/GGG in the centre can be clearly observed.
The smooth grading from GGG into mixed YAG/GGG can be seen in gure 8.16.
Gadolinium and gallium atomic percentages drop from 23 and 15% to 5 and 3%
respectively, while yttrium and aluminium atomic concentrations increase correspond-
ingly. GGG growth is far from stoichiometric, a consequence of the compromised growing
conditions required to grow GGG and YAG simultaneously. The grading can also be
observed via XRD, as shown in gure 8.17: a contribution from the graded and central
areas can be observed between 27.8 and 28.7 , as can a sharper peak corresponding to
the GGG-only outer region at 27.6 .
The total diameter of the mixed area including the graded region is 5 mm, demon-
strating the wide spread of the funnelled plume after exciting the cone. It should be
noted that a small amount of yttrium and aluminium can be detected even outside the
central region; while there may be some spreading of the plume beyond the circular
area, it is also likely that the substrate is being detected, due to the small lm thickness136 Chapter 8 Horizontally structured growth
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Figure 8.17: XRD spectrum of cone grown hybrid crystal. A peak corresponding to
the non-stoichiometric GGG outer region can be observed around 27.6  next to a wide
region up to 28.7 , a contribution from the central and graded parts of the crystal.
A small peak corresponding to the underlying YAG substrate can also be observed, to
which data were normalised.
(3.5 m) and relatively large volume interrogated by the EDX beam (some m3). If
thickness were increased to >5 m then traces of the substrate should not be detected.
The mixing of plumes in the centre resulted in a circular raised feature with an ap-
proximately trapezoidal diameter cross section. The size and shape of such raised areas
could be controlled to some extent by choice of cone size, shape and tip angle, as well
as by changing relative growth rates using blockers and condition tuning, but complete
elimination of such features may prove extremely dicult. This does not present an
immediate problem, as such features could be removed by polishing. They do, however,
present an intriguing possibility in the eld of micro- and integrated optics. If good
control over feature size and shape could be achieved, crystalline microlenses could be
fabricated relatively simply, similar to amorphous microlenses demonstrated previously
by CW laser eusion [178].
8.4 Conclusions and future steps
Horizontal connement of garnet crystal by PLD has been demonstrated in both single-
and multi-plume geometries. In the latter case, controlled horizontal grading between
the central and outer sections of the hybrid crystal has been achieved. The surface
prole of the hybrid crystal was not at but exhibited a raised central feature; control
over such features may in future allow growth of crystalline microlenses.
Having proven the ecacy of the simple cone growth technique, a superior way of holding
the cone is desirable. While the current arrangement of metal foils has the advantageChapter 8 Horizontally structured growth 137
of speed and versatility, a more rigid setup would ensure repeatability and increase
eciency in further experiments. Growth with practical materials is the obvious next
step. While, Yb:YAG is a popular material for thin disc lasing, simultaneous growth
from multiple YAG targets is not possible with the current ablating lasers due to the
poor absorption of 266 nm light by YAG. Instead, Yb:GGG is likely to prove a more
appropriate material, doped and undoped GGG having been grown successfully with
both excimer and Nd:YAG lasers for many years. It is not anticipated that Yb:GGG
will exhibit dierent growth characteristics from undoped or Nd:GGG; however, the
likely necessity of using a ceramic target may present problems with particulates and/or
target lifetime.
The move to GGG will in itself require a full investigation of optimum growth parameters
in the cone geometry. Ambient pressure can be increased for GGG-only growth, which
is expected to result in stoichiometry closer to that of bulk, as well as the higher growth
rates required for practical growth of laser crystals. Outer region growth rates could also
be improved by introduction of a third target and laser to deposit additional undoped
GGG. The eect of the various stress states in the crystal (due to the hybrid nature
of the crystal, the uneven prole, the growth conditions required and any dierences
in stoichiometry compared to bulk), and whether these place any restrictions on lm
thickness or growth rate, must also be investigated.Chapter 9
Conclusions and future work
9.1 Conclusions summary
9.1.1 Summary of introductory chapters
Chapters 1 and 2 set the scene for the experiments described in this thesis. Previous
landmarks in the eld of single- and multi-beam PLD were described, with particular
emphasis on materials and devices for optical applications. The relative merits of al-
ternative deposition and waveguide fabrication techniques were discussed in comparison
with PLD. It was concluded that, though lm quality is not always as high (e.g. due to
particulate formation), PLD in general and multi-beam, multi-target PLD in particular
show great potential in terms of speed, ease and versatility compared with many other
fabrication methods.
Chapter 3 introduced the theoretical concepts underpinning the experimental techniques
described in chapter 4, as well as the devices introduced in chapter 2. Attention was
drawn to some of the potential performance-limiting factors, such as particulate pro-
duction and limits to thick lm growth. Both the single- and multi-beam PLD setups
relevant to this thesis were described in detail in chapter 4, and the shutter technique
for automated mixed/multilayer growth was introduced. Surface, crystal structure and
deposition plasma analysis methods were also described in this chapter.
9.1.2 Summary of results chapters
The relative delay between plasma plumes in multi-beam, multi-target PLD was in-
vestigated to discover any eect on the resulting lm. Composition was found not to
be signicantly aected; however, for plumes of GGG and GSGG, lattice constant was
shown to increase from the expected value when delay was 400 s, a consequence of
139140 Chapter 9 Conclusions and future work
higher energy ion bombardment of the growing lm by the second plume. The rst
plume sweeps out an area of gas, leaving a partial vacuum that takes some hundreds
of microseconds to inll. If the second plume follows within this time it is eectively
deposited at a lower background gas pressure, leading to the higher ion energies ob-
served and resulting in increased strain in the lattice, which manifests as a larger lattice
constant. A second, unknown eect was also in play for delays between 10 and 40
s, serving to also increase the lattice constant. Plume delay may hence prove useful as
a tool for ne control of strain/lattice constant in a multi-plume lm.
A second tool was developed and investigated: the shutter technique. Computer-
controlled mechanical blockers were placed in the path of each beam, allowing automated
control of the relative repetition rates of the lasers. The technique was demonstrated
initially by the growth of mixed layers, superlattices and multilayers of various layer
thicknesses, and extended by growth of chirped superlattices in dierent congurations.
Evidence of distinct layering was observed via XRD and XRR down to the unit cell level,
with layering potentially occurring at the sub-unit cell level although this could not be
conrmed by the analysis methods used. Layers should hence in future be deposited on
a 1 nm scale in order to achieve complete mixing or grading.
Having developed and tested the technique for crystalline multilayer growth, functional
devices were grown in the form of YAG/GGG Bragg stacks. Garnet crystal has a
much higher damage threshold than the amorphous materials conventionally used for
mirror fabrication, and hence the reectors were expected to be of interest as high power
laser mirrors as well as high temperature sensors. Structures of various geometries
were fabricated using shutters programmed via LabVIEW, including 145 layer stacks
exhibiting >99% reection as well as  shifted designs. A crystalline apodised sample
was grown by mixing plumes to obtain an approximately Gaussian grating-strength
prole, the rst known example of such sophisticated crystal engineering with PLD. As
expected, this was shown to substantially reduce side lobe reections. Peak reection
wavelength could be tuned by changing incident position on the sample, due to the
surface curvature.
YAG and GGG were used as they had the largest index contrast of the garnets avail-
able; however, the compromised conditions required for automated growth resulted in
layers that, while single-phase crystalline, had stoichiometry far from bulk. This is
likely to have adversely inuenced the structures' ability to withstand high temperature
annealing.
An array of double-clad crystal rib waveguides was fabricated by a combined PLD-
precision machining technique. The guides had thicknesses of 40 m and widths of
40 and 60 m, and hence have dimensions suitable for diode pumping. Fabrication
of a 13-rib array took less than 10 hours in total (excluding polishing), a time which
may reduced yet further in future with the use of a multi-beam geometry: the techniqueChapter 9 Conclusions and future work 141
is hence potentially useful as a rapid prototyping method for thick crystalline channel
waveguide fabrication. Losses in the ribs, however, are believed to be very high (exact
values could not be measured), likely at least in part due to scattering from particulates
in the lm and side-wall chipping resulting from the micromachining process.
Horizontal connement of garnet crystal by PLD was demonstrated in both single-
and multi-plume geometries. In the former case, millimetre-sized crystal features were
deposited by shadow masking, using laser-machined silicon wafers as masks. In the
latter case, multi-plume cone growth resulted in a hybrid crystal of YAG and GGG,
non-functional materials used to clearly demonstrate the hybrid nature of the lm. The
YAG plume was funnelled through a stainless steel cone, while GGG was deposited
around the outside as the substrate rotated. As a consequence of plume mixing after
the funnelled plume exited the cone, controlled horizontal grading between the central
and outer sections of the hybrid crystal was achieved. The surface prole of the hybrid
crystal was not at but exhibited a raised central feature; this may be polished back in
the case of a practical laser crystal.
9.2 Future directions
Although the results presented in this thesis represent signicant contributions to crystal
and structure engineering by PLD, only the rst steps have been taken. In each case,
future goals and improvements have been discussed at the end of the relevant chapter,
with only a summary given in this section.
Although the shutter technique has been used successfully to grow a variety of prototype
structures, many improvements are still required before shuttered PLD can be considered
a realistic manufacturing technique. Issues with repeatability can be addressed by the
introduction of in-situ thickness measurement, possibly using a HeNe laser. This will,
however, require the use of dierent materials. Such materials may include YIG/GGG
stacks, which are also of interest for their magneto-optic applications, and sesquioxides,
which may present additional advantages in the form of higher power/temperature dam-
age thresholds. Improvements to the LabVIEW control programs should be made to
allow for automation of apodised structures, and MATLAB modelling should be ex-
tended to include apodised designs. Non-Gaussian apodisation proles are also still to
be attempted, as is chirped growth: highly-reective chirped Bragg gratings should be
composed of >250 layers and growth has hence not been attempted due to the time
constraints.
Quantication of propagation loss of the double-clad channel waveguides described in
chapter 7 may be possible by the Findlay-Clay technique if lasing could be achieved, for
example by diode pumping. This may be possible with existing samples; however, losses
and hence lasing thresholds are suspected to be prohibitively high. Potential avenues for142 Chapter 9 Conclusions and future work
reducing waveguide loss include improvements to the PLD growth to reduce particulates
and increase side wall cladding thickness, use of alternative saw blades to reduce side
wall chipping and precision dicing to ensure channel perpendicularity. PLD may also be
combined with other methods of double-clad channel waveguide fabrication (replacing
physical micromachining with ion beam etching for example), with practical limitations
and device performance compared with the PLD-sawing technique.
The hybrid crystal described in chapter 8 was grown with one plume funnelled through
a cone held in place with an arrangement of metal foils. A more rigid setup is required if
repeatable hybrid growth is to be achieved. Further investigations into the eect of hy-
bridisation on a crystal need to be undertaken with functional materials, and appropriate
(possibly compromised) growth conditions determined. Yb:GGG is a candidate for a
thin disc material due to the possibility of ablation with both excimer and quadrupled
Nd:YAG radiation, a problem that prohibits the growth of Yb:YAG in this geometry
with the equipment available. Any such new material might also be grown in planar
form in order for losses to be quantied and to allow comparison with hybrid crystals.
A third target of the same material as the outer part of the crystal (i.e GGG in the case
exhibited in this thesis) may be introduced to increase the growth rate of the outer part
and perhaps provide some control over the shape and size of any raised features in the
centre of a crystal, which may prove of interest as crystalline microlenses.
Additional improvements may be possible in many cases by the use of sesquioxides in
place of garnet. In the case of Bragg stacks, they may prove superior to garnets in terms
of damage threshold and compromised-condition multilayer growth. Thick and/or multi-
layer channel waveguide laser fabrication could be attempted in doped sesquioxides (e.g.
Yb:Lu2O3), although as with garnets specialist high-hardness blades may be required
to obtain chip-minimised (i.e. low loss) waveguides. Doped sesquioxides are of great
interest for thin disc laser applications due to their high thermal conductivities. As in
the Bragg case they should have a wider window of optimal conditions, and hence may
prove ideal candidates for further hybrid crystal cone growth experiments. Preliminary
test growth of various sesquioxides has been attempted with very promising results, as
described in appendix C.Appendix A
Waveguide theory
This appendix outlines the theory describing planar and channel waveguide modes. A
basic discussion of waveguiding principles has been presented in section 3.3.
A.1 Planar waveguide modes
A waveguide mode is a set of electromagnetic elds which maintain their spacial distri-
bution at they propagate, varying only by a phase factor as described by the propagation
constant  i.e.
E(x;y;z) = E(x;y)ei(!t z) (A.1a)
H(x;y;z) = H(x;y)ei(!t z) (A.1b)
where
 =
2

neff (A.2)
The quantity neff, the eective refractive index, depends not just on the indices of the
waveguide layers but also the waveguide design. As such is it usually computed using
numerical methods.
The modes are solutions of the wave equation (Equation A.3) in each part of the guide.
They can be separated into two waves: one that has only a transverse magnetic eld i.e.
Hz = 0 and one that has only a transverse electric eld i.e. Ez = 0, which are known as
transverse magnetic (TM) and transverse electric (TE) modes respectively.
r2E   
E
t
= 0 (A.3)
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Figure A.1: Side-view schematic of an asymmetric slab waveguide, where light prop-
agates in the z direction
A.1.1 Asymmetric slab waveguide
First we consider as slab waveguide as shown in gure A.1, consisting of three layers
where n2 > n1;n3. The derivations for TM and TE modes are similar; hence only the
TE derivation will be shown in detail below. Both make use of Maxwell's equations:
r  E =  
H
t
(A.4a)
r  H = 
E
t
(A.4b)
For an innite slab the eld does not vary in x and Equation A.3 reduces to:
2
y2E(x;y) + k2
0(n2
1;2;3   n2
eff)E(x;y) = 0 (A.5)
Solutions to this equation have the form:
Ex(y;z) =
8
> > > <
> > > :
A1e 1ye iz Cladding i.e.y  d=2
A2 cos(2y + )e iz Core i.e.   d=2 < y < d=2
A3e3ye iz Substrate i.e.y   d=2
(A.6)
Inserting Equation A.6 into Equation A.5 gives the dispersion relations:
1 = k0
q
n2
eff   n2
1 (A.7a)
2 = k0
q
n2
2   n2
eff (A.7b)Appendix A Waveguide theory 145
3 = k0
q
n2
eff   n2
3 (A.7c)
The magnetic eld is obtained using Maxwell's equation (Equation A.4a) to give solu-
tions of the form:
Hz(y;z) =
8
> > > <
> > > :
 i
!A11e 1ye iz Cladding
 i
!A2 sin(2y + )e iz Core
 i
!A33e3ye iz Substrate
(A.8)
Solutions must be continuous across the boundaries (i.e. at y = d=2) i.e.
A1e 1
d
2e iz = A2 cos(2
d
2
+ )e iz (A.9a)
 i
!
A11e 1ye iz =
 i
!
A2 sin(2y + )e iz (A.9b)
which as tan(x) = tan(xn) can be rearranged to give the TE guidance condition:
2d   tan 1

1
2

  tan 1

3
2

= p (A.10)
where p is the mode number.
We can express A1 and A3 in terms of A2 to give the solutions:
Ex(y;z) =
8
> > > <
> > > :
A2 cos(2d
2 + )e 1(y  d
2)e iz Cladding
A2 cos(2y + )e iz Core
A2 cos(2d
2   )e 3(y+ d
2)e iz Substrate
(A.11)
TM modes can be derived similarly making use of Equation A.4b to obtain the solutions:
Hy(x;z) =
8
> > > <
> > > :
A2 cos(2d
2 + 0)e 1(x  d
2)e iz Cladding
A2 cos(2x + 0)e iz Core
A2 cos(2d
2   0)e 3(x+ d
2)e iz Substrate
(A.12)
A.1.2 Symmetric slab waveguide
For the special case where substrate and cladding have the same refractive index (a
symmetric slab waveguide) 1 = 3 =  and Equation A.11 becomes:146 Appendix A Waveguide theory
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Figure A.2: Side-view schematic of a symmetric slab waveguide
Ex(y;z) =
8
> > > <
> > > :
A2 cos(2d
2 )e (y  d
2)e iz Cladding
A2 cos(2)e iz or A2 sin(2y)e iz Core
A2 cos(2d
2 )e (y+ d
2)e iz Substrate
(A.13)
Solutions of the form cos2y and sin2y are known as even and odd modes respectively.
The guidance condition also reduces to:
2d   2tan 1

1
2

= p (A.14)
For a guided mode,  should be real and positive. A cut-o exists, therefore, where
 = 0 and the guidance condition becomes:
2d = M =
2

NA (A.15a)
M =
2d

NA (A.15b)
where M is the maximum number of modes supported above the fundamental.
A.2 Channel waveguides
A rectangular channel waveguide guides light in two dimensions rather than one (i.e.
=x 6= 0). It can be approximated by ignoring the blue areas in gure A.3(a) (where
the eld distribution will be low), and treating the guide as two separate three-layer
planar waveguides (see gure A.3(b)). The resulting two guidance conditions in the x
and y directions are given in Equation A.16 and the dispersion relations in Equation
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Figure A.3: End-on channel waveguide schematic; blue areas can be ignored and the
waveguide approximated as two planar waveguides
2(x;y)dw;h   tan 1

1
2

  tan 1

3
2

= p (A.16)
1(x;y) = k0
q
n2
eff(x;y)   n2
(5;2) (A.17a)
2(x;y) = k0
q
n2
1   n2
eff(x;y) (A.17b)
3(x;y) = k0
q
n2
eff(x;y)   n2
(3;4) (A.17c)Appendix B
Bragg reection theory
The response of a Bragg grating can be modelled by considering the characteristic ma-
trix, which represents the sum of responses from each interface. This appendix details
how the characteristic matrix of a stack can be dened in general, as well as the specic
example of a quarter-wave stack, and how these matrices can be used to obtain design
information for a stack.
These derivations have been taken primarily from chapters 2 and 6 of Thin-Film Optical
Filters 4th edition by H. Angus Macleod pub. CRC Press 2010.
B.1 Characteristic matrix of a dielectric stack
B.1.1 Single layer
First we consider a single layer. The front interface is interface a and the back interface
(interface with substrate) is interface b. The elds in the layer can be considered as a
sum of the waves travelling in the +z and -z directions:
E = E+ + E  (B.1a)
H = H+ + H  (B.1b)
At interface b, these equations become:
Eb = E1b
+ + E1b
  (B.2a)
Hb = E1b
+ + E1b
  (B.2b)
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where  is the admittance of the layer, dened as the ratio of the electric to magnetic
elds H=E. Rearranging, we obtain:
E1b
+ = Eb   E1b
  (B.3a)
E1b
  = E1b
+  
Hb

(B.3b)
E1b
+ =
1
2

Eb +
Hb


(B.3c)
`
E1b
  =
1
2

Eb  
Hb


(B.3d)
Fields at interface a can be found by multiplying the elds at interface b by a phase
term :
 =
2

N1dcos (B.4)
where d and N = n + ik are the thickness and complex refractive index of the lm d
respectively,  is the wavelength of interest and  is the angle of incidence.
E1a
+ = E1b
+ei (B.5a)
E1a
  = E1b
 e i (B.5b)
H1a
+ = H1b
+ei (B.5c)
H1a
  = H1b
 e i (B.5d)
By inserting Equations B.3 into Equations B.5 and rearranging we obtain terms for Ea
and Ha:
Ea = Eb cos + Hb
isin

(B.6a)
Ha = Ebi sin + Hb cos (B.6b)
These two equations can be written in matrix form as:
"
Ea
Ha
#
=
"
cos isin

isin cos
#"
Eb
Hb
#
(B.7)Appendix B Bragg reection theory 151
Normalising relative to Eb we obtain:
"
B
C
#
=
"
cos isin

isin cos
#"
1
sub
#
(B.8)
Where sub is the substrate admittance and B and C are elements of the characteristic
matrix of the layer.
B.1.2 Multiple layers
If a second layer is added, Equation B.7 becomes:
"
Ea
Ha
#
=
"
cos1
isin1
1
i1sin1 cos1
#"
cos2
isin2
2
i2sin2 cos2
#"
Ec
Hc
#
(B.9)
where 1=2 and 1=2 are the phase terms and admittances associated with the rst and
second layers respectively.
The characteristic matrix of a multilayer stack with q layers can therefore be generalised
as:
"
B
C
#
=
" q Y
r=1
"
cosr
isinr
r
isinr cosr
##"
1
sub
#
(B.10)
The overall optical admittance of the system Y = C=B. This value, obtained by di-
viding the calculated elements of the characteristic matrix, can be used to calculate the
reectivity of the system by the following relations:
r =
0   Y
0 + Y
(B.11a)
R =

0   Y
0 + Y

0   Y
0 + Y

(B.11b)
B.2 Quarter-wave peak reection
In the case of a quarter-wave Bragg stack  = m
2 where m is an odd number, sin = 1
and cos=0. The characteristic matrix (based on Equation B.10) then becomes:
"
B
C
#
=
" q Y
r=1
"
0 i
r
ir 0
##"
1
sub
#
(B.12)152 Appendix B Bragg reection theory
Assuming a structure in air made up of 2p + 1 layers of two alternating materials with
refractive indices nH and nL respectively, with no absorption and an incident angle of 0,
admittance  becomes equivalent to refractive index n and the matrix elements simplify
to:
B = n
2p
L nsub (B.13a)
C = n
2p+2
H (B.13b)
The resulting optical admittance and reectivity are hence:
Y =
n
2p+2
H
n
2p
L nm
(B.14a)
R =
2
6
4
1  
n
2p+2
H
n
2p
L nm
1 +
n
2p+2
H
n
2p
L nm
3
7
5
2
(B.14b)
If Y is large i.e. nH > nL and 2p + 1 is large, R can be approximated as:
R = 1  
4n
2p
L nsub
n
2p+1
H
= 1   4

nL
nH
2p 
nsub
n2
H

(B.15)
and transmission T as:
T = 4

nL
nH
2p 
nsub
n2
H

(B.16)
As a result, if two more layers are added to the stack, the transmission will decrease
by a factor of

nL
nH
2

. Increasing the index contrast will also result in an decrease in
transmission for a given number of layers.
B.3 HR peak widths
Although the peak reectivity of a quarter-wave reector structure may approach 100%,
there is a limit to the width of the central peak even when the number of layers becomes
very high. This section describes how this maximum HR peak width can be quantied.
The matrix M of a structure made up of a repeated set of layers (e.g. alternating high-
and low-index layers in the structure above) can be written as M = [M]q where [M] is
the matrix of the fundamental structure with elements:Appendix B Bragg re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"
M11 M12
M21 M22
#
(B.17)
Reectivity increases with number of fundamental periods where:
 
 
M11 + M22
2
 
   1 (B.18)
with the edge of the HR zone at:
 
 
M11 + M22
2
 
  = 1 (B.19)
The fundamental matrix for a structure of alternating high and low index materials of
equal optical thickness is (from Equation B.10):
M =
"
cos isin
nL
inL sin cos
#"
cos isin
nH
inH sin cos
#
(B.20)
hence
M11 + M22
2
= cos2   
1
2

nH
nL
+
nL
nH

sin2  (B.21)
The right side of Equation B.21 cannot be greater than one so to nd the boundary we
set M11+M22
2 =  1, which can be rearranged to give:
cos2 edge =

nH   nL
nH + nL
2
(B.22)
For a quarter wave structure  = 
2
0
 , where 0 is the wavelength of peak reection.
We dene a parameter 2g, the width of the HR zone, so that:
edge =

2
(1  g) (B.23)
and:
cos2 edge = sin2


g
2

=

nH   nL
nH + nL
2
(B.24)
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g =
2

sin 1

nH   nL
nH + nL

(B.25)
Equation B.25 shows clearly that the width of the HR zone depends solely on the
refractive index contrast of the layers i.e. the greater the dierent in index the greater
the width of the HR zone.
B.4 MATLAB model
Figure B.1 describes the operation of the MATLAB model used in chapter 6. The model
was written by Michalis Zervas of the ORC, University of Southampton.Appendix B Bragg reection theory 155
Define refractive indices
Define wavelength range to
calculate
Define/compute physical layer
 thicknesses 
Define no. of layers, angle of
incidence, phase shift layer 
Assign thickness and index 
values to each layer, including
random and/or linear variation
(loss/chirp respectively)
For each wavelength:
For substrate, layers and
superstrate (i.e. air):
Calculate angle of
incidence
Calculate 
of the interface 
between this layer and 
the previous
reflectivity r 
2 Calculate reflection R = |r|
for this wavelength 
Calculate phase
thickness of layer
Calculate total r so far
Plot R vs. wavelength and print
data to file 
Figure B.1: Flowchart describing operation of Bragg structure modelling program
created by Michalis Zervas (ORC)Appendix C
Preliminary sesquioxide growth
This appendix describes promising preliminary growth of sesquioxides yttria, gallia and
scandia (Y2O3, Ga2O3 and Y2O3 respectively). Some targets and substrates were pro-
vided by Sebastian Heinrich at the University of Hamburg.
C.1 Yb:yttria
C.1.1 Experimental setup
Growth of 5% at. Yb:Y2O3 test lms was undertaken in Chamber 1 using sapphire and
yttria substrates of size 10  10  0.5 mm3 and temperature 1000C. Fluence was 3
J/cm2 and laser repetition rate was 20 Hz, resulting in a growth rate of 6.6 m/hr
(0.9 nm/shot). The target-substrate distance was 60 mm. Yttria substrates and
targets were provided by the University of Hamburg. Target diameter was only 20
mm and plume alignment was hence somewhat o-axis, as seen in gure C.1.
Figure C.1: Schematic of samples grown, showing lm distribution (thickest on left
side) and notches due to holder.
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Relatively few reports exist of PLD growth of sesquioxides and there does not appear to
be a consensus as to the best conditions. Three lms approximately 3.3 m thick were
grown on sapphire at varying background O2 pressures (1 10 2, 2 10 2 and 4 10 2
mbar) to provide a rough indication of the optimum value. Slightly fewer particulates
were observed in the 1 10 2 mbar, although accurate comparison was dicult due to
the low number of particulates observed in each of the three measurements per sample
(average of < 15 per measurement). 1 10 2 mbar was chosen as the pressure value for
subsequent experiments; however, growth at higher pressures is likely to be achievable.
Four lms have been analysed and discussed in detail: two on sapphire substrates (K208
and K214) and two on yttria substrates (K210 and K213). K208 and K210 are thin lms
(3.3 m thick), while K214 and K213 are around 30 m thick in the thickest part.
XRD was carried out using a powder diractometer, surface proling using the Zescope
optical proler and particulate counting and roughness measurements using the SPIP
software supplied with the proler. Particulate and roughness values given are the
average of three measurements 0.5 mm apart concentrated around the thickest part of
each sample.
C.1.2 Analysis
Results of XRD analysis for lms grown on sapphire and yttria substrates can be seen
in gures C.2 and C.3 respectively. Films grown on c-cut sapphire exhibit strong peaks
around 28.8, suggesting that the lms grew primarily in the (111) orientation (as ob-
served in previous studies of yttria grown on sapphire [179, 37]). For the thin lm on
sapphire (K208), a strong peak at around 41.2 can be observed; this corresponds to
the underlying substrate and is not observed for a much thicker lm (X-rays do not
penetrate to the substrate).
As expected, lms grown on yttria (100) substrates grew in the (100) orientation. All
peaks match those of the underlying substrate. In the case of the thinner lm K210, it
is dicult to dierentiate X-ray scattering from the lm from that from the substrate.
However, the same peaks are observed for the thick lm K213, where there should be no
contribution from the substrate. There is some variation in peak position. This could
be due to strain or slight dierences in lattice constant, but is likely primarily due to
slight dierences in mounting the samples for XRD.
In the cases presented, growth on sapphire resulted in a larger number of particulates
and lower average roughness compared with growth on yttria (see table C.1 and gure
C.4). However, while growth on sapphire substrates results in crack-free lms with
many small particulates, lms grown on yttria exhibit a smaller number of much larger
particulates (see gures C.5 and C.6), along with some cracking. Sample Y213 (thick
lm on yttria) also exhibits surface ridges, unlike the thinner sample (see gure C.6(b)).Appendix C Preliminary sesquioxide growth 159
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(b) Close up of XRD spectra showing (222) peaks of the yttria lm and peak of the
underlying sapphire substrate in the case of K208
Figure C.2: XRD spectra of thick and thin Yb:yttria lms on sapphire substrates.
Sample Substrate Thickness Particulates Particulates Average
/cm2 /cm2 roughness
(>50 nm) (>100 nm) Sa (nm)
K208 Sapphire 3.3 m 4.6105 2.3105 9.2
K214 Sapphire 30 m 2.5106 5.9104 16.7
K210 Yttria 3.3 m 2.2104 1.2104 3.3
K213 Yttria 30 m 2.1105 8.7104 9.8
Table C.1: Summary of results for samples grown with nal parameters160 Appendix C Preliminary sesquioxide growth
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(b) Close up of XRD spectra showing (100 peaks of the yttria lm
Figure C.3: XRD spectra of thick and thin Yb:yttria lms on yttria substrates, as
well as spectrum of a blank yttria substrate (Y10).Appendix C Preliminary sesquioxide growth 161
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(b) Graph of average particulate count per cm2.
Figure C.4: Graphs indicating surface quality of thin and thick samples grown on
yttria and sapphire substrates.
Roughness of sample K208 (thin lm on sapphire) is very similar to that obtained by
Burmester et al [37], while roughness of the thin lm on yttria is nearly three times
lower.
In both cases, roughness was markedly greater for thicker lms than thinner lms. This
is likely to be primarily a consequence of increased target surface damage over the
4.5 hours of deposition. It is expected that the surface quality could be improved by
using larger targets: greater surface area results in longer ablation time before surface
damage becomes prohibitive. Large features, possibly crystallite boundaries, can also
be observed for sample K214, the thick lm on sapphire (see gure C.7).162 Appendix C Preliminary sesquioxide growth
(a) Surface prole of sample K208 (sapphire substrate).
(b) Surface prole of sample K210 (yttria substrate).
Figure C.5: Optical proler images of thin lms on C.5(a)) sapphire substrate and
C.5(b)) with particulates >100 nm in height highlighted (10x magnication).Appendix C Preliminary sesquioxide growth 163
(a) Surface proler of sample K214 (sapphire substrate) with particulates >100 nm in
height highlighted.
(b) Surface proler of sample K213 (yttria substrate).
Figure C.6: Optical proler images of thin lms on C.6(a)) sapphire substrate and
C.6(b)) yttria substrate (50x magnication).164 Appendix C Preliminary sesquioxide growth
Figure C.7: Surface proler image of thick Yb:yttria lm on sapphire substrate (5x
magnication).
It is interesting to note that earlier growth on sapphire (to roughly determine optimum
deposition pressure) resulted in lower roughness and particulate count values. However,
these were undertaken at a lower laser repetition rate: 10 Hz. It may be the case that
particulate numbers for growth on sapphire could be reduced if a lower repetition rate
was used; however, this could make thick lm growth prohibitively slow if lms >30 m
in thickness are required.
C.1.3 Conclusion
Thick and thin samples of Yb:yttria were grown successfully on yttria and sapphire sub-
strates. Of the substrates described in detail, all exhibited strong XRD peaks. Growth
on sapphire appeared to result in a higher number of particulates and greater surface
roughness; however, lms grown on yttria presented larger particulates and more crack-
ing. In the latter case there should be no thermal expansion mismatch; cracking may
instead be a result of stress induced in the lms due to the high uence and relatively
low gas pressure. In both cases, thick lm surface quality was markedly poorer than
that of the thin lms, likely the result of target modication.
Two steps immediately present themselves for immediate investigation. Firstly, further
optimisation of growth parameters (particularly uence and pressure) should be under-
taken, something that has not yet been achieved due to time constraints and the limited
number of substrates available. Secondly, larger targets should be acquired, allowing
on-axis deposition of centro-symmetric lms as well as growth of much thicker lms.Appendix C Preliminary sesquioxide growth 165
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Figure C.8: XRD spectrum of a scandium lm grown on sapphire, showing peaks
from the lm and substrate.
C.2 Other sesquioxides
Growth of scandia and gallia were also attempted on sapphire, although not analysed in
detail. Depositions were carried out in Chamber 2, with a target-substrate distance of
45 mm and a substrate temperature of  750 C. All other parameters matched those
used for yttria growth in the previous section.
Gallia lms could not be detected although the target ablated well. This is likely due
to the lightness and volatility of gallium/gallium oxide plume and lm components.
Scandia, however, grew well. Film thickness was 3.6 m (one hour deposition) and
particulate counts were very low at 7.7104 and 2.5104 particulates per cm2 for par-
ticulates of diameter >50 and >100 nm respectively. XRD (see gure C.8) shows that
the lm grew single-phase in the (111) orientation as expected.References
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